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ABSTRACT

An instrument to measure atmospheric pressure at the Earth's surface
from an orbiting satellite would be a valuable addition to the expanding
inventory of remote sensors, The subject of this report 1s to describe
such an instrument - the Microwave Pressure Sounder (MPS) - bascd on an
active rillimeter wave technique. It 1is shown that global-ocean coverage
is attainable with sufficient accuracy, resolution and observational fre-
quency for meteorological, oceanographic and climate research applications.

Surface pressure can be deduced from a measurement of the absorption
by an atmospheric column at a frequency in the wing of the oxygen band
centered on 60 GHz. An active multifrequency instrument is needed to make
this measurcment with sufficient accuracy. The selection of optimum
operating frequencies is based upon accepted models of surface reflection,
oxygen, water vapor and cloud absorption. By combining the ratios of
transmission of three pairs of frequencies the measurement is made es-
sentially independent of variations in the atmospheric temperature and
water vapor profiles, cloud cover and sea state.

Numerical simulations using a range of real atmospheres defined by
radiosonde observations have been used to validate the frequency selection
procedure. This also shows that the error introduced by unmodellable
atmospheric variations is less than 0.4mb, Other sources of error are the
instrumental noise and the statistical nature of the ocean surface re-
flectivity. Analyses are presented of alternative system configurations
that define the balance between accuracy and achievable resolution. An
MPS system which requires minimum development of new components, when
used in an 800 km orbit, can provide measurements of surface pressure
with a predicted r.m.s. error of 1.2 mb and a surface resolution of
10 x 100 km,

The global coverage of pressure measurement provided by the MPS has
been examined for a variety of implementation schemes. Oceanic coverage
which is comparable to the existing density of data points on the continental
land masses can be achieved with a network of three instruments in sun
synchronous, near-polar orbits.

An ongoing U.K. - U.S. development program is being directed
towards an early proof-of-concept flight for the MPS on a Shuttle/Spacelab
sortie mission. Subsequent operational deployment of the MPS will provide
valuable data for numerical weather forecasting and oceanography while the
accumulation over a long time period of consistent measurements of the global
pressure field will contribute significantly to the data resources needed for
climate studies.
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1, Metecorological Backpround

Global measurements of the Earth's atmosapheric preasure are important
in synoptic meteorology, numerical weather forecasting, atmospheric dynamics
and climate studies. At the present time pressure data are gathered prin-
cipally from land based weather monitoring stations, and are supplemented
over the oceans by veports from ships and aircraft, Stations reporting
surface pressure to the National Meteorological Centre at 007 on February 1,
1976 are shown in Fig. 1 and it is apparent that over the tropical and
southern ocean areas in particular there is a deficiency of data., Such non-
uniform coverage is inadequate in terms of the requiremonts for a set of
global meteorological data sufficiently accurate to provide the initial

conditions for a numerical forecast of the weather.

The World Meteorological Organization has specified (WMO, 1973) a set
of observational requirements for the First GARP Global Experiment of the
Global Atmospheric Research Programme (CARP). Measurements of pressure in
data-sparse regions are required with a horizontal resolution of 500 km and
an accuracy of * 0.3% (equivalent to * 3mb at the surface). However, a
recent survey of user needs (JPL, 1976) indicates that an accuracy of
+ (1-2)mb in sea level pressure is desirable and it is probable that a
+ 3 mb specification is near the limit of usefulness. Resolution require-
ments ranged from 250 km down to 10 m but the lower figure is unrealistic

and not consistent with the accuracy requirement.

The cost of acquiring this quantity of data by conventional land and
ocean monitoring stations would be unrezsonable (Mason, 1970) and the
variation of instrumentation and calibration between stations would reduce
the reliability of the measurements. In contrast, the provision of
operational satellite borne instruments for remotely sensing atmospheric
temperature has proved inexpensive and has given accurate consistent
global coverage for several years. Remote sensing of atmospheric water
vapor has been demonstrated with the Nimbus E Microwave Spectrometer

(Staelin et al., 1976) and Seasat A, due to be launched in 1978 will carry
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an instrument to obtain surface winds from sea state measurements,  The
development of an instrument to sense pressure from a satellite olatform
would be another major advance towards the WMO requirements, 1t would scem
appropriate to aim for an Instrument with an accuracy of +(1-2) mb -md
capable of a horizontal grid spacing of 100-20C km to ¢ respond with the

data at present avallable from existing land sentions,

A notwork of geostationary satellites at 30,000 km altitude provides
near global coverape with a minimum number of satellites. Jlowever, satel-
lites in near-polar orblts at 1000 km altitude are required to obtaln data
for high latitudes and to allow mlcrowave sensing with suf{fclent regolstion,
Both types of satellites will be elements in any operatlonal systew .or com
prehensive monitoring of meteorological parameters within the fo -~ (2able
future. The active microwave technique for pressure  sur Lt .u be dis-

cussed here is only feasible from the lower n?- .fered by a polar ort iter.

The accuracy of #0.3% in pressure measurement corresponds to a height
change of only 25 m at sea level so that the height at which the pressure
is measured must be known to within this value. This constraint (ffectively
precludes at present the possibility of measuring the three dimensional
préSSure field. However, a knowledge of the surface pressure together with
a measured temperature profile allows the hydrostatic approximation to be
used to obtain the variation of pressure with height. An lastrument to
measure surface pressure is therefore entirely adequate when used in con-

junction with a temperature sounder to define the mass field.

The proposed method for measuring surface pressure has been specifi-
cally designed for use over the oceans. However, measurements over land
may give a valid indication of pressure, but only if a suitable average
height can be used and if the surface has appropriate reflection character-
istics. This is not a serious disadvantage since oceans cover some 707 of
the Earth's surface and while the existing network of weather monitoring
stations gives satisfactory coverage of most of the continental land masses,
the oceans are almost totally neglected. The satellite surface pressure
data for the oceans will complement present land data to approach the

GARP requirement.
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2. Methods for the Remote Measurement of Pressure

Atmospheric pressure may in principle be determined remotely from
measuremeats of the character.stics of the propagation of electromagnetic
radiation through the atmosphere. The accuracy requirement necessitates
the use of an active system and several alternative methods have been
proposed. The feasibility of their instrumental implementations has been
assessed in the literature (Singer 1968, Mason 1970, Smith et al 1972,
AMWR 1975) and the following brief summary of some of the limitations of
these methods indicates the reasons for adopting the technique to be des-
cribed in this report,

The three dimensional pressure field can in theory be determined by
a range-gated radar or lidar instrument. The pressure dependent contri-
butions to atmospheric backscatter are too weak to be measured but a dif-
ferential absorption, 0.76 pm lidar relying on aerosol or molecular Rayleigh
backscatter appears to be feasible with probable techinological advances
within the next decade. However, to achieve the coverage and accuracy re-
quirements it would need more primary power than is available in currently
planned operational meteorological satellites. Also, because of the in-
ability of infrared vadiation to penetrate cloud its operation would be
restricted to measurements down to the surface in clear skies and above .

cloud measurements elsewhere.

Although the impracticality of pressure profile measurements leaves
only methods that measure pressure at a reference level this is not a
serious limitation. Such data in conjunction with measured temperature
profiles allow the full pressure field to be deduced using the assumption
of hydrostatic equilibrium. For this purpose, the surface is the most
satisfactory reference level. The limitations on coverage in cloudy con-
ditions with infrared instrumentation also apply to visible techniques
but to a much lesser extent at microwave frequencies. It is apparent that

microwave techniques for measuring durface pressure offer the best possi-
bilities.

Transmissivity measurements through the limb of the atmosphere can

provide pressure at a chosen reference level. Above 12 km the pressure
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can be obtained by passive microwave measurcment but inadequate knowledge of
the temperature and water vapor profiles would not allow surface pressure to
be deduced from this to sufficient accuracy. To obtain pressure at a lower
altitude from a 1limb measurement would require an active occultation techni-
que with the inconvenience of two satcllites whose positions must be con-
tinuously monitored to a high accuracy. The horizontal resolution with this
method is several hundred kilometers and is thus insufficient to resolve some

of the most interesting features of the pressure field.

Similar limitations affect bistatic refractivity mecasurements re-
cently proposed to determine surface pressure by reflecting a microwave
signal from the ocean surface at a low grazing angle. In this case accurate
knowledge is required of the water vapor field and the geoid. The 3mb
accuracy and 500 km horizontal separation of measurements can only be ap-
proached with a constellation of high-altitude inter-communicating satellites,
the orbital characteristics of which are incompatible with other demands on

a meteorological satellite network.

An optical path length method measuring the dispersion between two
different microwave frequencies requires a time resolution much less than
the length of a pulse reflected from the rough ocean surface and is there-

fore not practicable.

Differential absorption measurements in and near the millimeter wave-~
length absorption band of oxygen by reflecting signals from the Earth's sur-
face provide the basis of the chosen method. It will be shown that measure-
ments at several frequencies in the wings of the oxygen band centered on
60 GHz combined with measurements closer to the water vapor line at 22 Gliz
have the potential of achieving the required 1-2 mb accuracy of surface
pressure determination without demanding an accurate knowledge of the tempera-
ture and water vapor fields. Spatial resolution of the order of 200 km is
possible and coverage while not completely global, is better than for the
other methods considered. Furthermore the instrument is suitable for flight
on operational meteorological satellites and does not demand excessive pri-

mary power.
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3. An OQutline of rhe Microwave Pressure Sounder Concept

In this section the conceptual basis of the proposed technique is out-
lined and its plausibility established. An introduction is presented to the
various physical aspects of the problem which together will be used as the
basis for the instrument design criteria. The necessary details of the
analysis will be given in subsequent sections but the symbols to be used are
defined here and an indication is given of the order of magnitude of the

principal quantities,

3.1 Principle of the Method

With a Microwave Pressure Sounder (MPS) in orbit as depicted in Figure
2 the surface pressure is deduced from measurements of the ratios of atmo-
spheric transmissivity at pairs of frequencies. The primary pair of pressure
sensing frequencies lie on the lower wing of the broad 60 GHz oxygen absorption
band, one sufficiently far into the band to be significantly affected by changes
in the total mass of oxygen in the transmission path with the other frequency
ont the extreme wing of the band and therefore affected very little by oxygen
absorption., The ratio of transmissivities, or differential absorption, is a
measure of the total oxygen in the path and hence on the partial pressure of
oxygen at the surface. Since oxygen is a uniformly mixed constituent of dry
air this is also a measure of the total surface pressure, Differential ab-~
sorption measurements are necessary at two other pairs of frequencies to
make the pressure measurement insensitive to the atmospheric temperature pro-
file, water vapor content, cloud cover and sea state., To make these absorption
measurements an active system is required. For each pair of frequencies,
signals of equalized power are transmitted and, following reflection from the
ocean surface, the ratio of the returned echo powers is measured. When the
operating frequencies have been chosen correctly, a combination of the three
measured ratios is dependent only on the surface pressure. Thus, the output
of the MPS is simply related to the surface pressure and does not rely on sub-
sidiary meteorological measurements for interpretation.

3.2 The Reflected Signal

The radar equation generally used to give the magnitude of the signal re-
ceived at the antenna from an extended reflector such as the sea surface is
(Skolnik 1970).

e i e P2t
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Pr, G2 83630 T (8) o (8)

3.1
(4m)3 R2(0)

where the symbols have the following meanings and are identified on Fig. 3.

PR received power at antenna
PT transmitted power
G antenna gain

0363 antenna 3db angular beam widths

A signal wavelength

o(0) radar cross-section of reflector

t(8) total atmospheric transmission coefficient (one-way)

R(6) distance between receiver and reflector

] angle from nadir
The 3db beam widths are related to the antenna gain thus

8363 = 4mn/G 3.2
and the gain is related to the area, A, of the antenna thus

G = 4mA/A2 3.3

It is convenient and less confusing to restrict the equation to the nadir

case (6=0) which 1is of principal concern. It can be readily extended as
necessary for the near nadir situation which will be considered later.

Using the relationships 3.2 and 3.3 the radar equation may then be written
in the simpler form

PR = PT ZahZ o] 3.4

where h is the satellite altitude.
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? frequency v Bandwidth Af
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|
Satellite i '
Velocity V ' I
. e ’
K |
N Antenna !
3db beamwidth 64 Radius |
. ! ;
Received |
Transmitted Power P ;
R
Power P
T
o : Range R(8)
T Height h
o : , . (when 6=0)

T Atmospheric
Transmissivity

o Backscatter cross-section

Figure 3. Symbol Definition
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The significance of the various factors in equation 3.4 can be readily

seen

PTT : the power reaching the sea surface is the transmitted power
reduced by the atmospheric transmissivity factor

A : this is a geometrical factor giving the fraction received by

47h2
an area A at a range H from an isotropic emitter.

o° : represents the reflecting ability of the sea surfa:e in re-
lation to an isotropic reflector and includes the directionality
of the reflection as well as the reflectivity of the surface.

T :

a further reduction due to the return path through the atmosphere.

For the purpose of instrument design it is better to put the equation
in terms of the radius of the antenna, r,
the efficiencies, n

using A = 7r2 and to introduce
7> Ngo of the transmit and receive antennae feed systems.
In addition the noise, N, must be specifically included since this has a

dominating influence on the system design. Introducing the detected power,

PD’ which is the sum of the detected return echo, PR, and the noise we may write

2
= = r .2 o]
P = Bp * N = 0.25 By ny ng £5 12 00 4 3.5

The potential of the method for achieving the required accuracy can be

demonstrated by estimating the signal to noise ratio using sensible values

in this equation. For a 1W source, a .5 m diameter antenna with efficiencies

Nps Mg = 0.5 at a height of 1000 km above a sea surface of radar cross-section
10 db and an operating frequency such that t = (.5

the received signal is
V10 =%y,  The noise equivalent power is

N = 4kT (af/t) V25 3.6

where k is Boltzman's constant and

T receiver temperature 300 K
Af the IF bandwidth 100kHz
t integration time 10 s

F receiver noise factor 10 db

Lo IS - : )
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These values give a S:N ratio of 600:1 which 1s compatible with the 0,3%

accuracy requirement.

3.3 Design Parameters

The physical factors influencing the magnitude of the received signal
can be clearly seen from the various terms in the radar equation (3.5). 1In
addition the parameters availabe for system design can now be identified.
The total atmospheric transmissivity should first be separated into terms
covering oxygen, T,» water vapor, T, and other atmospheric constituents,
TA’ So

Py = 0.25Pn °© + N 3.7

—_— 2 2
D ™ hz o "w TAC

PT and PD are the source and detected powers. Source power of the order
of 1W is required and solid state Impatt oscillators are probably the most
suitable for space applications because of their low voltage requirements

and high efficiency. The power available from single devices has an upper
limit of about 1W but by 1978 sources delivering several watts should be
available when techniques for combining several diodes together are ex-

tended to frequencies up to 70 GHz.

The antenna feed efficiency, n, has a value dependent on antenna
design and system losses, but a working figure of 0.5 can be used. The
antenna radius, can be chosen to optimize system performance by balancing
signal-to-noise error, which demands a larger antenna, against a statis-
tical error due to sea surface effects, which demands a smaller antenna.
The optimum value for r is of the order of 25 cm so that antenna subsystem
design problems due to excessive size are not encountered. The field of
view at the surface is determined by r and it has a diameter of ~ 30 km
for r = 0.25m with the satellite at a height of 1000 km.

The orbit height h should preferably remain reasonably constant to
avoid the need for a receiver with a large dynamic range. A high orbit
provides more favorable geometry for meaningful measurements away from
the sub satecllite path but as h is decreased the signal~to-noise ratio
and consequently the accuracy of the measurement are improved. Too low
an orbit however will limit the operational lifetime of the satellite and
a value for h between 250 km and 1000 km is desirable,
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Tg the tranamissivity of the atmosphere due to oxygen over a double
path can be written as 1070:2To where Iy is the integrated absorption
coefficient in db for a single path. T, can be calculated from theorctical
models of the oxygen absorption band (Waters 1976, Rosenkranz, 1975) in
terms of the variables surface pressure, Pg, and temperature profile, T(z),
for any value of the disposable parameter, v, frequency. The zenith
attenuation due to atmospheric oxygen as a Ffunction of frequency is shown
for a U.S. standard atmosphere in Fig. 4. The principal operating fre-
quency of the instrument should be chosen around 52-53 GHz. Further into
the band the signal and S:N ratio are reduced while at lower frequencies

the effect of surface pressure on the signal is reduced.

The presence of water vapor in the atmosphere has both indirect and
direct effects. It affects 1o because it modifies the pressure broadening
of the lines within the oxygen band. It contributes to absorption in the
spectral band of interest through 13 which can be written as 10~0+2ly
and Ty, the integrated absorption coefficient for water vapor, is cal-
culable from existing models in terms of the pressure profile of water
vapor g"(z)and T(z) for given values of v. Finally, water vapor can
make a significant contribution to the total surface atmospheric pressure.
The water vapor spectrum is also shown in Fig. 4 for a surface density

of 12.3 gm m"3, decaying exponentially with a scale height of 2.2 km.

With the exception of ozone, other atmospheric gases do not signi-
ficantly absorb in this region of the spectrum, but clouds and rain both
absorb and scatter. Numerous weak ozone lines exist throughout the
microwave spectrum but only close to the line centers is the absorption

strong enough to affect this experiment. These frequencies can be easily
avoided.

The frequency dependence of atmospheric constituents other than
oxygen and water vapor can be modelled by an absorption coefficient,
I'p which is a second order function of frequency, viz

Fp = a+ by + cv? 3.8
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The coefficients a, b and ¢ are highly variable both in space and time
Y because equation 3.8 represents the effects of cloud and rain. The
esperiment must be denigned so that the transmissivity measurements allow

these coefficients to be cither evaluated or eliminated when deducing
surface pressure.

The radar cross-section of the sea surface, 0(0), depends upon the
Sca state, the angle of incidence and the frequency. The smooth variation
with frequency is adequately modelled by a second order function so that
equation 3.8 also includes sea surface frequency dependence. 0(8) has a
maximum value, 6%, for normal incidence. It reduces more rapidly for
calm seas than for rough seas as the angle of incidence decreases. For
most sea states it should be possible to make measureuments with the pro-
Posed instrument at angles of up to about 15° from the vertical. Such
measurements away from the subsatellite path will allow the surface
Pressure gradient vo be determined and this is of much greater value than
pressure only along the orbit path. For a 1000 km orbit altitude the
15° limitation means that the swath width at the surface is about 500 km
across which significant pressure differences frequently occur. Variations
in the sea state due to surface winds can change the average value of
o® by a factor of 10 or more 8o the dynamic range of the instrument must
accommodate this as well as atmospheric absorption variability,

‘f"' Perhaps the most important effect of the sea surface is that because
| of its constantly changing nature, both spatially and in time, the co-
herence of the reflected signal is destroyed. The intensity of the return
| echo varies statistically with a Rayleigh distribution, the standard

) deviation of which is equal to the mean., The average of a large number

of independent samples is required to achieve the necessary accuracy.

a The relationship between the sample collection rate and the antenna radius

is Aiscussed in detail in Section 11 together with the consequences thisg
has for system design.

LIS

S i

The noise N includes contributions from background emission, atmospheric
reflection and instrumental noise. It depends most importantly on the
bandwidth, Af, of the detection system and on the integration time, t.

e o ——
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Choice of t will, for a given satellitc specd, determine the ground resolution
of the instrument along the orbital path. A typical satellite apeed is
~v7kme™! mo that the 500 km resolution required for GARP can he achleved

with t up to 1 min, However, shorter intepratlon times and congequently
better spatlial resolution are anticipated hecause although 500 km is ade-
quate resolution for the input data set of numerical global circulation

models many meteorologically significant features in the pressure field have
dimensions less than this.

Backscatter from atmospheric constltuents is small except perhaps
from heavy rain, but under these conditions the increased absorption will
probably make the instrument unusable. To reduce noise to a minimum the
bandwidth should be limited to that necessary to include all the return
signal. A direct measurement of noise must be made to enable the best

estimate of signal level to be determined.

3.4 Summary

This overview of the proposed technique for determining atmospheric
pressure at the surface of the Earth from transmissivity measurements has
identified the following parameters, the values of which are at our dis-

posal for designing a system with optimized performance:

PT transmitter power

h orbit height

r antenna radius

v operating frequencies
t integration time

Af receilver bandwidth

Measurements must be made at several frequencies to enable signal
level changes due to pressure variation to be distinguished from the
effects of all of the other factors mentioned here. It is necessary
next to discuss in detail the theory of these physical factors so as to

establish a basis for system design and choice of operating frequencies
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using the disposable parameters that have been ldentified. 1t will be

shown that an iastrument can he designed for which

® the senaitivity of the measurcment of pressure to the
temperature profile T(z) ard to the presence of water

vapor in the atmosphere is reduced to an inaignificant
level;

multifrequency measurements are used to climinate the
cffects of the other unknown quantities which are

described by the variable coefficients a, b and ¢3

¢ averaging over a large number of independent samples

provides the accuracy demanded ;
e useful near global-ocean coverage can be obtained;

¢ available technology is used for all components except

the transmitter source and these are currently being
developed.

SRS eSO U S
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4. Absorption of Millimeter Waves by Oxygen

To be able to determinc pressure {rom multifrequency measurements of zenith
attenuations  detailed knowledge must be avallable of the oxypen absorption co-
efficient as a function of frequency, preasurc and temperature, Thin section
summarizes the relevant characteriatics of the moest recent theoretlieal npectro-
scopic model of oxygen (Rosenkranz 1975). The theory produces results in close

agreement with experimental data (Liehe ot al, 1977).

4,1 Absorption Coefficient

The transmission of radiation at a frequency v through sn absgorbing

madium is generally described by the equation

I,(x) = I,(0) exp (-Y(v)x) 4.1

where the intemsity I,(x) after the radiation has travelled a distance x is
given in terms of the initial intensity Iy(0) and the absorption coefficient
y(v).

For a path through an inhomogeneous medium the absorption can be obtained
by integrating y(v). In particular for a vertical path through the atmcsphere
the absorption of millimeter waves due to oxygen is expressed in terms of the

integrated absorption coefficient 'y given by

Ty fg?jy(v)dz 4,2

where z is the vertical coordinate.

4.2 The Microwave Spectrum of Oxygen

The absorption by molecular oxygen of electro-magnetic waves in the
millimeter spectral rééibn,was first described quantitatively by Van Vleck
(1947). The quantum number N, of which only odd values are allowed, describes
the rotational angular momentum of the molecule. This couples with electronic
spin to form a triplet of states wich total angular momentum J = N-1, N, or
N+1. Selection rules permit magnetic dipole transitions with AJ = 1, O,
The transitions AJ = t1 give rise to a broad band of lines between 50 and

70 GHz and an isolated line at 118 GHz, The resonant frequencies are denoted
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v; or v; for transitions (J = N) + (J = N41) and (J=N) > (J= N-L) re-
spectively., AJ = 0 transitions correspond to "non-resonant" absovption at
zero frequency. The total absorption at any frequency is calculated by
summing over those lines with significant absorption and it is found to be
sufficient to include only those lines with N < 39.

In the pressure range from 1 to 1000 mb the dominant line broadening

mechanism is intermolecular collisions. Rosenkranz gives the absorption in
db km™! as

y(v) = 1.434 p (%)2 F(v) 4.3

where the pressure p is in mb, the frequency v is the GHz and the temperature
T is in K. The function F(v) is a line shape factor which together with v2
describes the spectral intensity distribution and is given by

- + + - -, 0.70wy,
F(v) = %QN [fN (v) + fN (-v) + fN (v) + fN {-v)] +\’.2___+(pr)2 4.4
where f (v) = WN(dN) + (v - VN) YN

(v - vN)2 + (pwy) 2 4.5

It can be seen that the summation is over a set of lines at both positive
and negative frequencies with line shapes (eqn. 4.5) of Lorentzian form
o+
modified by the interference coefficients y&. The final term of equation 4.4

is the contribution from the zZero frequency lines where Wy, 1s the non-resonant
linewidth.

The population factor ¢N is given by

0 = %l“—-,f— exp (~2.0685 N (N+1)T) 4.6

/o

rﬂ

+
and the line amplitudes dﬁ are

+ [nen+ ]

I (e 4.7

- [ -1 |
N *IyaN+ D J 4.8
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Following Rosenkranz the interference coefficients are approximated by

+ 4 + ¥
+ 4 2d. .., 0w 2d W w W
N+2 N N-2 N b b
yN = dN + + + + \‘i ,l, _:t 4.9
Yy " Yy 42 Oy 7 V-2 N N + 60

where w; and w; are near-diagonal elements of the [w] matrix when 2nplw] is

the transition rate matrix. The approximation restricts the coupling of each
positive frequency line to the two adjacent lines in the same branch, to the
line at zero frequency and to the lines at negative frequencies. Two con-
ditions can be applied to the elements w; and w+ which then allow them to be

N
evaluated by an iterative procedure from the relationships

+ 4
wN = W - WN - wN 4.10
and
4 _ ¥

The procedure is initiated by arbitrarily setting w;;=(). This produces a
relatively large error in the interference coefficient for large N but it is
not significant since these are weak lines and the error is progressively

damped by application of the conditions 4.10 and 4.11.

. The experimentally measured values of frequencies, v;, and linewidths,
wﬁ, given in Table 1 were used to compute the microwave spectrum of oxygen.
The non-resonant linewidth is the least accurately known parameter and it
has a significant impact on the integrated absorption calculations away from
the individual line centers and in the wings of the broad band. Rosenkranz
uses the value

300 ).89

0.48 (3 Miz mb~! 4.12

“b

which is the average of measurements made by Kaufman (1967) and Maryott and
Birnbaum (1960). This value is preferred to a later measurement by Liebe

et al (1977) which is 0.54 MHz mb~! at 300°K because it gives a better fit

to Reber's (1972) opacity measurements from 66 to 71 GHz (Fig. 5) and Tiebe's

technique is n.. particularly sensitive to variations in Wy



e

N ﬁgpquovfius. Cliz Lincewidths, MHz mbh™!
Vi W Wy (300) | W7 (300)
1 A0.2063 1 118.7503 1.66 1.61
3 53.4406 | 62,4863 1.47 1.49
5 59.5910 | 60.3060 1.39 L.42
7 60.43¢8 | 59.1642 1.34 1.36
9 01.1506 58,3239 1.30 1.32
Y 01.8002 | 57,6125 1.27 1.29
13 62.4112 56.9682 1.24 1.25
i5 oo 1 56,3634 .22 | 1,23 |
|17 €3.5685 | 55,7838 .20 | 1.20
; 1o 65.1278 ; 55,2214 1.18 f 1.18
3 R | 64 . 6785 E 54,6712 1.16 j .16
S ! WA 54,1300 1.13 ; 1.13
; 25 ' 65.7047 f 53.5957 1.12 j 1.12
i 27 66.3021 | 53.0668 1.10 | 1.10
| : 06,8358 i 52,5422 1.08 ! 1.08
P | 67.3595 ' 52,0212 1.06 | 1.06
Don f R R T 1.04 ‘ 1.04
‘ s
; 3% ; 29,4308 | 50,9873 102 1.02
f 37 z 68,9007 ; 50,4736 1.00 1.00
g i i 2,477 L 490618 0.08 0.3
L i ————

—

Table 1t Frequencies oo Tinewidths of the Oxygen Microwave

Spacivum (Fro- icbe et al, 1977)
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b
§ This formulation of the oxygen S8pectroscopy is the best model at pre-
‘K - sent available. It allows the absorption coefficient to be calculated with
}év’ 4 reasonable amount of computer time and the fit to measurements at fre-
(;' : quencies above 55 GHz is better than for other models and at least equal to
i‘ them below 55 GHz. The pressure dependence is given explicitly in equations
nﬁ:’- 4.3, 4.4 and 4.5 while temperature effects are included in QN’ YxN® W and Wy
i
;/ 4.3 Absorption by Atmospheric Oxygen
B 3_ When the pressure P 1s the total atmospheric pressure then the absorp~
T tion for pure oxygen must be reduced by the fractional content, f, of oxygen
- % in a dry atmosphere, 1In equation 4,3, the value of f ysed ig .2085, which
- : is for 160,, the predominant isotopic molecule. Absorption by the (16018
;fé molecule must also be considered but is only of significance near its line

{

i
B %” Ty centers (Section 9.2).
=t l‘,'i' '

|

Broadening of the lines by 0,
broadening by 02-0; collisions.
which may be written in the fornm

wy = . (300) [m(%)o'g +m 8(300) ] Miz mb™1

(300) is the measured linewidth a
ening coefficient, m,

=N collisions is found to be smaller than
Liebe gives a modified linewidth expression

4.13

where Vi t 300K and the foreign gas broad-

has a value 0.929 for dry air. The second term in

a value of 0.52.

T
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> 5. Microwave Absorption by Water Vapor
:-'.“ As well as modifying the linewidths of the oxygen spectrum (Section 4.3)
= atmospheric water vapor affects the measurements to be made with the pressure

sounder by absorbing millimeter waves and by contributing to the total

surface pressure.

The microwave spectrum of water vapor is caused by electric dipole
transitions between rotational states'of the molecules. The lines of parti-
cular interest here are centered at 22.235 and 183.310 GHz and the best
agreement between theory and experiment is obtained by using a kinetic
lineshape (Waters, 1976). However, in the window region calculated absorption
is significantly less than that measured. Waters shows that for frequencies

up to 100 GHz the discrepauncy can be satisfactorily accounted for by grouping

together the contributions from all lines other than that at 22 GHz and by
k including an empirical correction term. The absorption coefficient in db km !,

Yw(v), is then

2 6 -
Yw(V) o PVve Av \3.12 x 10 exp(-644/T) + .012 ‘ 5.1

13/2 T (22.2352 = v2)2 + 4v2 av2

where the linewidth in GHz is

300 )0.626

Av = 2.96 (1?6—1-5) (22

The water vapor density p is in gm m 3 and all other symbols are as previously

(1 + 0.0185%) 5.2

. defined. Equations 5.1 and 5.2 enable the absorption due to atmospheric water
= vapor to be determined for given values of p, T, P, and v. These computations
agree with measured absorption within the 5 to 10% accuracy of measurement
generally achieved with this difficult test gas (e.g. Liebe and Welch, 1973).

The anomalously high absorption away from the line centers has no satis-

%j' . factory theoretical basis. At higher frequencies there are strong indications
- that water vapor dimer effects contribute significantly to the absorption
-, (Harries and Ade 1972). However, below 100 GHz there is no evidence of a

dimer associated spectral structure which could affect the choice of pressure

sounder operating frequencies.

P
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To account most conveniently for the contribution from water vapor to

R the total surface pressure, the effect of absorption due to any partial

pressure of water vapor on the instrumental pressure index obtained from

multifrequency measurements should be equivalent to the effect of an equal

pressure of dry air.
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6. Zenith Attenuation

6.1 The Vertical Path

The equations of Sections 4 and 5 permit the evaluation of the absorption
of microwaves with frequencies up to 100 GHz by a homogeneous atmesphere of
specified pressure, temperature and water vapor content. By integration,
absorption through a vertical and thus non~homogeneous path can also be ob-
tained. This has been computed for the U,S. Standard Atmosphere with added
water vapor shown in Fig. 6. The water vapor content was specified in terms
of its mass mixing ratio, B, such that at any pressure, p, B is given in
terms of the surface mixing ratio Bg and pressure Pg by

3
B = B, (-P—) 6.1
Pg
Thus the water vapor falls exponentially with height with a scale height of

about 2 km compared to the 8 km scale height for pressure.

To carry out the nuumerical integration the atmosphere must be divided
into a reasonable number of layers. The absorption of each layer was approxi-
mated by the value for an equally thick homogeneous layer using average
values of temperature, pressure, and water vapor mixing ratio. Several dif-
ferent methods have been used to evaluate these average values and various
numbers of layers tried. It was found that as the number of layers was
increased beyond 24, divided equally between the troposphere and stratosphere,
the resulting changes in calculated absorptior were not significant for the
purpose of system design. However, for consistency with the numerical simu-
lations of Section 8 it is convenient to use the heights and temperatures of
the standard atmosphere at the 36 standard pressure levels between 1013 and

2 mb used for reporting radiosonde observations.

The zenith attenuation thus calculated is shown in Figure 4 for a water
vapor mass mixing ratio at the surface Sg = (0.01 which corresponds to a
density of 12.9 gm m 3.
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6.2 Derivatives w.r.t.T, p and Water Vapor

To enable the operating frequencles of the pressure sounder to be chosen
so that the measurement 1s insensitive to temperature profile and water
vapor content of the atmosphere the change in integrated absorption coeffi-
cient due to changes in T(z) and water vapor content must be determined.
The sensitivity of the sounder to pressure can be obtained from the deriva-
tive with respect to pressure. The method by which the derivatives are
calculated is given here but the reasons for defining them in the following

way are given in Section 7.

For convenience we introduce a total integrated absorption coefficient,
PT, which is the sum of the coefficients, Po, for oxygen and Pw’ for water
vapor. At a particular frequency PT can be expressed as

X (y+1)
P,=l 4T =T (R& Tz
T ° W To \po To

where the surface pressure, Pg» and temperature, Tg, are normalized to some

6.2

standard values p o and To for which the coefficient has the value rTo' The
indices x and (y+l) are functions of frequency. Thus the derivatives w.r.t.
fractional changes in the surface pressure and temperature are, respectively

6PT

= I‘ 6.3
<3p8/ps) it

arT

= (y+l1) T 6.4
(3T3/T35 T

The index x was determined by repeating the calculation of Section 6.1

and

for an atmosphere with 2% increase in surface pressure and appropriate in-
creases at other levels to maintain hydrostatic equilibrium. The values of

zenith attenuation, PT and T}

T thus give x

log I'p/ F«}
log (1.02)

The index (y+l) can be similarly obtained from a calculation of zenith

attenuation for a 2% increase in temperature throughout the atmosphere so

i - [eU— USSR S S S,
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that a change in T is taken to be representative of a change in the profile

T(z). These are thon used with equations 6.3 and 6.4 to give the derivatives

which are shown in Fig. 7 as functions of frequency. In Figures 8 and 9
the data for the important wing regions is presented with an expanded fre-
quency scale to show the fine structure associated with individual oxygen

lines within the broad band.

The effect of a change in the water vapor content was also determined
by recalculating the zenith attentuation when the surface mixing ratio By
is increased by 2%. However it is plotted in Figure 7, 8 and 9 as the
change, (APT)wv, in PT directly in db for effectively a 100% change in
water vapor content calculated by multiplying the difference in PT for the
27 change in Bg by 50.

s b e
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7. Choice of Operating Frequencies

7.1 The Index of Surface Pressure

The basic measurements from which surface pressure can be deduced are of
the return echo signal strengths, PR, at several frequencies. We define an
index of pressure, S, which is obtained by combining the measurements to-

gether as a product thus

s = [}PR(vi);r] 7.1

and the indiqes r, are introduced to give greater flexibility in the choice
of operating frequency. From equation 3.7 we can write the return signal at

a frequency v, as

= 0.25 '
Po(v,) 2 (PTnTnRr‘)vi (3 Tw)vi (<4 oo)vi 7.2

-

so that S can be expressed as the product of instrumental, atmospheric and

background factors:

§s=858.8,8,. 7.3

The instrumental factor

n.r2 i 7.4

- qn 192
S lill 2 (TTR)vi‘

h
should be a constant and this requirement affects the system design but not
the choice of frequencies. Measurements will be made of the ratio of return
signals at a pair of frequencies since experimentally this is easier than
measuring absolute intensity. With this technique

r, = -ri‘+ 1 (for odd values of 1) 7.5

and it can be seen that neither the antenna radius, if it is the same for all
frequencies, nor the orbit height will affect §;. If the transmitted

powers at each pair of frequencies are controlled to have a constant ratio
and if the system efficiencies do not change then SI will have a constant

value which can be determined.
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The atmospheric factor

g = mI(2% 2 1T4
A i |( o v )”1 | 7.6

tions from oxygen and water vapor transmissivities only.
t on pressure

includes contribu
ting frequencies must be chosen so that this is dependen

The opera
vapor profile. De-

but independent of the temperature profile and the water

tails of the selection procedure to satisfy these conditions are given in

Section 7.3.

‘The background factor
8, = (<2 0 i
B 1}[( A )vi f. 7.7

characterizes the effects of absorption by other atmospheric constituents and

Although these by nature vary widely it will be

see surface reflectivity.
h reasonable assumptions the product

shown in Section 7.2 following that wit
SB can be made constant when the frequencies are simply related.

nditions established here are met by the appropriate choice of

When the co
operating frequencies and system design then the index, S, will be the desired

measure of pressure. Measurements of other atmospheric parameters are not

needed.

7.2 Sensitivity to Background
The assertion in Sectiom 3.3 that the frequency dependence of the re-

cean reflectivity and atmospheric absorption

flected signal strength, due to o b
o(a+bv+cv ) will

other than by oxygen and water vapor, can be expressed as 1

be justified later. However it will be shown here that undesirable back-

tivity of this form can be eliminated from the ultimate deter-

ground sensi
ed intensities at

mination of pressure by combining the measured reflect
This removes the necessity for simultaneous

appropriately chosen frequencies.
known and variable coefficients

subsidiary measurements to determine the un

a, b and c.

o ————
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Using

(at+bvtev?)

(TP 00) = 10 7.8

A vy

it is readily shown by substitution that §, is independent of the coefficients

B
a, b and ¢ which describe the background variation of the following conditions

on ry and vi are satisfied

N = 0
o

\i‘r V = 0 7.9

Adopting the ratio measuring technique, where the indices are related by
equation 7.5, immediately satisfies the first condition in equation 7.9.
To satisfy the other conditions a minimum of three pairs of frequencies are

required in which case the conditions simplify to

[
o

(vo=v1) + a(vy=vj3) + B(vg=vs)
and 7.10

2 . AN
(v2-v]) + a(vi-v}) + R(vi-vi)

"
o

where -ry = ry = o and -rg = rg = B, while making -r; = r; = 1 is not an
ef fective limitation on either system design or performance.

The relationships 7.10 between «, B and the [requencies v, are purely

i
mathematical with an infinite number of solutions. It should be noted that
the conditions can still be {ulfilled if vy = v3 and/or v, = vg, so that

the instrument can have 4, 5 or 6 operating frequencies.

7.3 Temperature and Water Vapor Sensitivity

The contribution to the strength of the return sipnal, P, due to oxypen

R
and water vapor absorption has been written in terms of the total integrated

e et - -



——
T

l

e T =
= i

)
e

Il

R e SRR FRr T R e B Py e
L h u- o, ’ TN A )
-

tl
B
Caf

|
S
£ i

e
.v_:’:'
L

I 1
s

I

< . B “
S e T T T ;

\s I

-36-

absorption coefficient T, as IO‘O'ZPT. Then the contribution of these

T
constituents to the atmospheric factor, SA’ of the pressure index, S,
expressed as a product in equation 7.6 can now be put in terms of the sum
of the coefficients PT(vi) as '

| [ :

= 10 et

SA 1

The sensitivities of S then to changes in surface pressure, temperature and
water vapor content (characterizing profile changes) are thus simply related
to the corresponding sensitivities of the summation term.

For S to be independent of the temperature profile we require that

)
EvEm [Zr 1rT(vi)J 0 7.12
which becomes, using equation 6.4

;;ri (y£+l) PT (vi) = 0 7.13

Similarly for S to be independent of water vapor content we obtain the
condition that

Z:i [AI‘T(vi)]w =0 7.14
i
Equations 7.13 and 7.14 represent further constraints on the choice of
operating frequencies which, in contrast to conditions 7.10, are dependent on
atmospheric absorption characteristics. The derivative data of Fig.7 are
necessary to enable a set of frequencies related by equations 7.10 simultane~
ously to satisfy these conditions.

7.4 Pressure Sensitivity and Signal to Noise Ratio

Since pressure is the parameter to be determined it is important that
the sensitivity of the index S to pressure changes should be maximized. The
fractional change in S for a fractional change § in the surface pressure can
be obtained from equations 7.11 and 6.3 thus

i AR meian e nh
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88 _ ‘ ]
< - 0.2 1n(10) 6<z iin‘T(vi)> 7.15

It is apparent from an examination of Fig.7 that this is greatest when the
main pressure sensing channels are well into the oxygen absorption band.
—However the very heavy atmospheric absorption reduces the strength of the
return signal and a consideration of the signal to noise characteristics
becomes essential. Obviously a compromise between increasing pressure
dependence and decreasing signal to noise must be achieved. This affects
the choice of operating frequencies in a way which will depend on the opti-

mization criterion adopted.

The potential instrument performance can be analysed with sufficient
accuracy for the present purpose by considering the noise generated within
the receiver and omitting the much lower noise contributed by atmospheric
emission and reflection. It is assumed that the bandwidth of the signal,
Af, can be adjusted to optimize the system performance and that the detector
and signal bandwidths are equal. When the received signal is measured
with a square law detector followed by an integration of time constant t,

the noise-to-signal ratio at a frequency vy is

Lr S 1 { 4KTAEF |

and the overall noise-to-signal ratio of a multifrequency instrument is ob-

tained by adding the squares of the individual ratios thus:

N, \? 1 z 2 |, 4 4KIAEE]
s T e r 7.17
<b, > (tAf) i i l P (\’1)‘
1f the bandwidth is chosen to minimize this then the minimum occurs
when ziri
(GKTAFF)2 = e
\S‘rzle(v ﬂ

1y

which by substituting for Af in equation 7.17 gives

b . ) 3 4 055 Sk ek

i Al .
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=}, Ng ¢ 8kTF ‘ ' %
’ <_§-> B [lgrigri/PR(vi)Z; +§1:ri / PR(vi)] 7.18

Assuming that in the absence of atmospheric attenuation the received

power is the same, Po, in all channels then

- P(v) = B 1070 2T p(vy) 7.19

2
v and equation 7.18 may be written in terms of PT(vi).

The overall accuracy of the instrument can be conveniently described

g by an index of performance, 1, obtained by dividing equation 7.15 squared
%- by equation 7.18 to give

L§ .

y 2 - (.21n(10))2 82 t P, | M ) 20
} BKTF y

\,

. cebta ¢ akdabea il

‘:- ' where ‘ )
12
. 2 2 100" (v)lk 2 190+ 2T v,) ‘
l[21:1 Zri T 1] +2ri T i‘

L The index I is the ratio of (the change in pressure index for a fractional ;
!
The minimum value of I=1 determines the i

M is a merit function which depends

change in pressure, §) to (noise).

limiting sensitivity of the instrument.
hoice of operating frequencies and the properties of the

The numerator is a measure of sensitivity to pressure and the

atmosphere.
The system performance

denominator is a measure of atmospheric absorption.

(
{
N
|
L§
3 only on the ¢
!
\
!
{
L is optimized by choosing frequencies which maximize M.
{

Another useful indicator of the suitability of a chosen frequency set

f*y can be obtained from the change in index S for a fractional change in the

This is the fractional accuracy which the signal pro-
The total fractional

y distributed

‘.éj surface pressure.
cessing of the instrument must be designed to provide.
accuracy will be divided among the channels and when equall

I e S o

7.22

8
F, = 0.2 1n(10) T;;T;g-— l jzrixiPT(vi) l
i

|
|
Si between n channels this may be written as
\
3
{
(
{
|
|
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The value of F, is determined by the choice of frequencies and has important
consequencies for system design which will be considered in Section 11 when
the errors associated with sea surface statistics are analysed., Meanwhile,
it is important to recognize that a relatively large value of Fp will pose
less technical problems than a small vélue.

7.5 Operating Frequencies

The conditions established in the preceding sections and the deriva-
tive data of Fig.7 enable a systematic search to be made for suitable sets
of operating frequencies. Such a search has been made both numerically and
by hand with different restrictions onthe number and range of operating fre-

quencies. The results are presented in Table 2 to enable easy comparison of

the alternatives available.

Numerical optimization for the selection of up to six frequencies plus
the two indices, o and B, has been performed with the frequency range re-
stricted to between 40 and 60 GHz. Over this relatively narrow range the
smooth frequency dependence of water vapor absorption is adequately repre-
sented by the background expression and it is not necessary to impose sepa-
rately the water vapor independence constraint, equation 7.14. The results
of these calculations, Table 2, line 1, show that the best performance is ob~
tained using five frequencies. The maximum of 51.2 Cliz is effectively limited
by the requirement for temperature independence. This keeps M low and leads to
the need for very precise measurement as indicated by the fractional accuracy,
Fp = 0.05%. When the requirement for temperature independence is relaxed only
four frequencies are needed, Table 2, line 2. The maximum frequency at 53,2 is
further into the band and consequently the merit function is larger. 1In this
case, the required fractional accuracy of 0.3l can more easily be met but a
subsidiary measurement of the atmospheric temperature to an accuracy of 1.2° is

required to allow the pressure to be accurately determined.

An indication of the typical behavior of the merit function as the fre-
quencies are changed is shown in the example of Fig. 10. This contour plot of
log M for continuous changes in the lowest frequencies and the spread of fre-
quencies shows that M falls rapidly as the highest frequency increases above

about 53 GHz. The maximum value of M lies on something of a plateau so that a




=l (=

sarouanbaig Surjeiadp jo si19g snoraep Jo sIOTISTASIOEBIARY) :Z I[QE]
(worjernuys
Tesfisunu woiy) 0°'1 10°¢L 16°£9 ZHD (09 240qe
47L°0 € ) w3 gz 02,0052 9°1- ] 08°¢S 08° %Yy C pue motaq S
65°9¢ $7°67 |sarouanbaag 4
(s9oAr13l
~BATI0p WO13) 0t 8Cc €L 99°L9 ZH) Q9 daoqe
29L°0 € 2 U0 us ¢z 2,00S S9°T-] 9L°CS 9L° %Yy ¢ pue aojaq V4
0€°s¢€ ¥6°LZ |Sorouanbaig ¢
ST AN AY (8°s%) a3uex
Z81°0 y2°0 z W wd c°g 2,0¢ 1 8°SYy (8°9¢) ZHD 09-2¢ £
8°9¢ 0°zE |sorouanbazy ¢
PoxXel
rAAN A 29 (z°09) -91 juswaxynb
21€°0 $09°0 (p2andmod 3o0u) 9,21 6Z°1-| z°05  (6°ty) |-21 2anmjeradua3| ¢z
6°¢tYy 0°0% Yiym Inq ‘1 sy
L6°0 A 19 z°8y 93uex
250°0 $L0°0 (paindwod 30u) 2,002T y1°1- 1°8Y% (o°€y) ZHD 09-0% T
0"ty 0°0%
Tauuey) UMGQE—O axnssaad qug =
x3d H anTeA adejans ufp aduey) g ‘o ZHO Fa SUOTIOTIISIY
paxynbay uof3IduNnNg S30TpUL sayouanbaag waISAS aurl
Loeandoy ITIN A31atarsuas A3rATITSWRS Sugjexadg
aodep 193EM aanjezaduaj,
Teucr3Ioeag

-

e e e e
[ T

> A,
> Y

]

A et e L e F

P}

e

-4

PR

I




T D - i
S B e I e L L R o P ¥

,‘
“

AT

U

S R e e D imed e

T

T

B

]

v e
.

—

35

W
o

Lowest frequency, vy, GHz

|

40

T ™= == = Line of temperature
independence

. . Ty

Figure 10.

Contour plot of the 1o
frequency system.

A a i ik re ke o a

Frequency spread, §, GHz

g of the Merit function, M, for a four



\f’"—‘ ':j_——:l:“."

reasonably wide range of sets of operating frequencies are available without
excessive reduction in M. Superimposed on the contour plot is a line of
temperature independence and it is seen that within the range of frequencies
on the plot maximum M and temperature insensitivity cannot simultaneously be
obtained and a compromise choice must be made. This plot was obtained using
smooth derivative data so that detailed structurc assocliated with the indivi-

dual lines of the oxygen band is not included. The smoothing was done to

ensure that the optimization routine did not select a local maximum of M but
naturally any final choice of operating frequencies would allow for this
structure. The plot shown here is representative of several which were com-
puted for different numbers of and arrangements of frequencies and is a use-
ful indicator of where to look for appropriate sets of frequencies. It is ap-
parent that fog maximizing M the spread for frequencies should be as wide as

possible and the main pressure sensing channel should not be further into the 1%

band than about 53 GHz. There would also seem to be advantage to be gained i

by extending the lower frequency limit below 40 CHz. i
With the lower boundary set to 22 GHz it is necessary to introduce

specifically the water vapor independence constraint equation 7.14, because

of the effect of the spectroscopic line at 22 GHz. Operating frequencies were

sought by hand and near optimum sets could be obtained in which the fine

structure of the derivative data was also used. 1In this case the requirements

for temperature and water vapor insensitivities were found to be competing

constraints. Consequently compromise solutions were sought in which temperature

and water vapor sensitivities were reduced to reasonable levels. The results

of this analysis are shown on line 3 of Table 2 and the required knowledge of

temperature (better than * 20°C) and total water vapor content (better than

0.5 gm cm™~2) are well within the capabilities of current instrumentatijon. How-

ever, so long as the operating frequencies are restricted to the lower side of

the oxygen absorption band little improvement in Pressure Sounder performance

can be expected.

When the possibility of using one pair of frequencies in the 60 to 100 |
GHz range was explcred systems with significantly better potential performance {
were obtained. 1In the six frequency schemes shown in lines 4 and 5 of Table 2

sensitivity to the temperature profile has been reduced to an insignificant level.




The water vapor content change of 25 gm em” 2 which gives a change in the pres-
sure index equivalent to a 3mb pressure change is approximately three times
larger than the 7 gm em™® maximum value of this parameter and if necessary

a correction could be applied using climatological models. The sensitivity

to pressure as indicated by the merit function and fractional accuracy is
better than when only the lower wing is used. This is the result of using

two channels with high sensitivity to pressure. The conscquently less ox-
acting demands on signal processing accuracy allow more flexibility in system
design as will be.discussed in Section 11.

7.6 Summary

The procedure which has been used for the selection of sets of operating
frequencies is summarized in the block diagram of Figure 11. The examples
of Section 7.5 show that sets can be chosen which reduce or effectively elimi-
nate dependence of the signal on background effects, temperature profile
and water vapor content. The following section is devoted to the validation

of the selection procedure which is indicated at the bottom of Figure 1l1.

The selection of an optimum set of operating frequencies 1s the subject
of continuing investigation. The numerical optimization routine is being
extended to include a reformulation of the background effects. No great im-
provement in the sensitivity to pressure is to be expected since this is
limited by how close the main pressure sensing channels are to the band
center, So long as maximum global coverage is required with transmitter
powers of a few watts, the limit has probably been reached in the final
examples of Table 2. However gains may be possible in the treatment of tem-
perature, water vapor and background effects by using slightly different fre-
quencies or perhaps by using an arrangement of frequencies not yet examined

although It is not anticipated that more than six frequencies will be used.

The ultimate decision on which of the possible sets should be imple-
mented will depend on other factors which are considered in later sections of
this report. The advantages apparent in Table 2 which are gained by using
a wide frequency range must be carefully weighed against the disadvantages
of a degree of uncertainty in the applicability of the background model over
the full range and more difficult instrument design, particularly with regard
to absolute calibration. |
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8. Numerical Simulations

8.1 The Use of Radlosonde Data

The method was detailed in Section 7.3 by which the operating frequencies
of the pressure sounder could be chosen such that the menasurement of pressure
was independent of variations in atmospheric temperature and water vapor pro-
files. The very simple form of the standard atmosphere and the aimplest of
profile variations werce used as a basis for the necessary calculations, but
in practice the atmosphere varies greatly from this stylized profile, parti-
cularly so for the water vapor content. It is necessary therefore to assess
the validity of the design procedure by examining whether the desired inde-
pendences are achieved with a much wider range of profiles.

Radiosonde measurements provide a data set ideally suited to this pur-
pose. The standard radiosonde observations made and recorded on punched
cards are pressure, temperature, relative humidity and wind velocity for the
surface and height, temperature, relative humidity and wind velocity at 35
standard pressure levels from 1000mb to 2mb. Surface pressure is recorded to
the nearest mb, temperature to an accuracy of 0.1°C, relative humditiy to 1%
and height to the nearecst 10m. The wind velocity data is not needed for the
numerical simulations. The standard pressure levels are at intervals of 50 mb
from 1000 to 200mb , at 25mb intervals to 100mb » at 80mb, at 10mb intervals
to 30mb and then for the pressures 25, 20, 15, 10, 7, 5, 4, 3 and 2mb.

A test set of radiosonde data from two weather stations was used. The
data were from a) Cold Bay, Alaska where the surface temperature varied from
4°¢ to 18°C and the total water vapor content varied between 0.89 and 4.02
gm cn~2 and b) Balboa, Panama with corresponding variations of 23°C to 31%
and 4.13 to 5.61 gm em™2, In Figure 12 some of these profiles are plotted to

indicate the typical variations. The U.S. Standard Atmosphere is included
for comparison.

8.2 Calculations

Numerical simulation of the experiment was carried out by the following
method. At each of the frequencies of a set chosen by the procedures of

Section 7 the transmissivity was calculated for a vertical path through the
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A » atmesphere defined by a radiosonde observation data set. The absorption due

. T to oxygen and water vapor for each layer between the standard pressure levels

T?”Q was determined from the spectroscopic models of Sections 4 and 5. The thick-
N : nesses of the layers were obtained directly from the height data and cor-
13;' | responding average values of temperature, pressure and water vapor mass
3¥f mixing ratio were found from the radiosonde measurements. The average values
;%m used were simply the linear means of the parameter values at the standard
_}: pressure levels bounding each layer. This linear averaging procedure is
ﬁi sufficiently accurate since a large number of layers are involved and it was
? the method used when the derivatives for Section 6 were computed.
Ej} An estimate was also included of the absorption by the atmosphere re-
iﬁ“ maining above the highest pressure level for which data was recorded. The
g?_' ' chosen frequencies are away from the line centers so that this contribution
> 7 is small. It was approximated by the absorption of a layer of thickness

; equal to twice the scale height at 2mb with a pressure of half the minimum re-
j? corded level.

The integrated transmissivities thus computed were combined according to
& equation 7.11:

\. -0.2 zz‘r .. (v ﬂ
¥ s, = 10 iliTi‘
\

!

A . 8.1

- The frequency set is one for which the background factor, S is 1 and if a

- B’
. design is assumed such that the instrumental factor is unity then SA is also
;i, the index of pressure, S.
This procedure was repeated for the large number of radiosonde obser-
]} vations of the test set so that a scatter diagram could be plotted of the
> measured surface pressure against the simulated pressure index, S.
— 9
)
. . : However, the radioscade measurement of surface pressure is not the best ;

¢ value for an atmosphere characterized by the parameter averages which were
used to compute the transmissivities. Furthermore, it is only recorded to

L an accuracy of +0.5mb and this was found to be comparable to the standard
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deviation in. the scatter of points. Consequently, the surface pressure was
computed by integrating through the vertical column sampled by the radiosonde.

The total pressure is the sum of contributions Ap from each of the layers

where
= 8 Ah
Ap R T* Pave 8.2
ave

Here g is the acceleration of gravity, R is the gas constant for dry air, Ah
the thickness of the layer, Pave is the average pressure and Tgve’ the average
virtual temperature is given in terms of the average water vapor mass mixing

ratio B and the average temperature, T as
ave ave

T » 1+1.609 8o

ave 1+ 8
ave

ave

The factor of 1.609 derives from the ratio of the mean molecular weight of dry
air and the molecular weight of water vapor.

In Figure 13 the measured surface pressure is plotted against the com-
puted value. The systematic difference of about 1.2mb is attributable to the
inadequacies of the parameter averaging procedure. The distribution of
points about the best fit line has a standard deviation of about 0.4mb and
most of this is probably rounding error associated with the integral repre-

sentation of the measured surface pressure.

8.3 Results

The six frequency system defined in line 4 of Table 2 was evaluated in
this way and the resulting scatter diagram of measured surface pressure against
simulated pressure index, S is plotted in Figure 14, This diagram shows that
the relationship between the index and surface pressure is satisfactorily re-
presented by a straight line over the range of pressure from 950 to 1020 mb.
All of the points lie within #1.5mb about this straight line so that the pres-
sures as deduced from the simulated signals are within t1lmb of the actual
surface pressures. From the Gaussian distribution curve fitted to the histo-
gram of errors, inset in the figure, the standard deviation of the deduced
pressure can be estimated to be about 0.65mb. 1In Figure 15 the error in

pressure (deduced minus actual to the nearest mb) is plotted as a function of
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both surface temperature (Fig. 15a) and total water vapor content (Fig. 15b).

It can be seen that no correlation exists and that the designed independence

of the measurement from temperature and water vapor appears to have been
achieved.

When the computed rather than the measured surface pressure is plotted

On a scatter diagram against the simulated index, Figure 16
points is noticeably reduced.

» the scatter of
This reduction in scatter reveals an offset
of the Panama data points which is indicative of a small residual tempera-

ture and/or water vapor sensitivity. If due solely to temperature effects

then the sensitivity is such that a 30° change in surface temperature will
change the pressure index by an amount equivalent to a 3mb pressure change
while 1f solely a water vapor effect then a 7 gm cm~2 change is equivalent

to a 3 mb change. For these levels of dependence a correction with clima-~
tological models is satifactory.

However, with a slight modification to the operating frequencies the

required insensitivities can be restored. Using the six frequencies of

line 5, Table 2, the pressure index was computed for the test set of radio-
sonde data. The resulting scatter diagram, Figure 17, exhibits no tempera-

ture or water vapor sensitivity and the standard deviation in the deduced

Pressure is about 0.4mb. While some of this scatter is probably a computa-

tional effect due to summation over a finite number of layers there is evi-

dence that variability in the atmospheric structure is also a contributory

factor. For example, the point most seriously in error, marked A on Figure
17, corresponds to the profile A in Fig.
version at 7 km.

12 which has a temperature in-

These numerical simulations employing a wide range of atmospheric
structures have demonstrated that frequency sets may be chosen so that a
Pressure index can be determined which is sufficiently insensitive to the

temperature and water vapor profiles that subsidiary measurements of other

meteorological parameters are unnecessary. It has also been demonstrated

that a measurement crror of not more than 0.4mb, attributable to variability

of the atmospheric structure which cannot be modelled, can be achieved with

Refinement of the selection
procedure may enable this error to be decreased further while sophistication

an appropriate choice of operating frequencies.
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of the computational analysis may reduce its upper limit, This atmospheric
variability error is one contribution to the total error in surface pres-
sure as measured by the microwave sounder. Other sources of error will be

considered in later sections of this report.
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9. The Effects of Other Atmospheric Constituents

The presence in the atmosphere of absorbing gases, other than those
already considered, has a slight effect on the cholce of operating fre-
quencies. In contrast, atmospheric aerosols have considerable influence

on the optimum frequencies as well as on other aspects of the system design.

Several minor comstituents have spectral lines in the 25 to 75 GHz
band of interest (Waters, 1976) but only ozone has absorption through a
zenith path of sufficient strength that it may possibly affect the measure-
ment. In addition some attention must be given to the spectrum of the
016018 igsotopic form of molecular oxygen SO that the line centers may be

avoided.

Cloud and rain are the principal aerosols and of these non-precipi-
tating cloud is of greater concern because of its more frequent occurrence.
The particular advantage that a microwave sounder has over an optical in-
strument is its ability to penetrate clouds. Nevertheless, clouds do
absorb millimeter waves and both the degrec of absorption and its variation
with frequency affect the system design. The assumption made in Section 3.3
concerning the form of the frequency variation will be justified and the
absolute value of absorption, which is needed to determine the signal-to-
noise errors associated with a variety of cloud cover conditions. will be

obtained from an analysis of scattering by aerosols.

9.1 Ozone

The mixing ratio of ozome in the atmosphere varies with altitude and
exnibits a maximum at between 20 and 30 km. Although the total zenith
path attenuation is small, frequencies near the line centers should be
avoided because the ozone content and hence the absorption varies by up
to 50% daily, seasonally and spatially. The strongest ozone lines between
20 and 75 GHz are listed in Table 3 (Depannemaecker et al, 1977) with their
peak absorption coefficients. The strongest line is at 67.356 GHz and at
this frequency the integrated ozome zenith opacity is typically .04db based
on an integrated depth of 20 cm. By comparison oxygen zenith opacity is
nearly 5db at the same frequency. This is the only line of any real concern.
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23.860 2.3
28.960 2.1
30.052 4.6
30.181 2,6
36.022 3.4
37.832 7.2
42,832 3.9
43.653 6.8
44,871 2.1
50.034 2.6
51.976 6.3
53.688 14.3
55.356 6.0
58.094 5.1
61.347 4.5
61,927 16.4
63.072 2.7
65.236 16.9
- 66.059 5.9
67.250 4.0
67.356 48.4
68.421 3.1
Table 3. The strongest ozone lines in 20 to 75 GHz

range with approximate peak absorptions at
pressure of one atmosphere.
et al., 1977 and Kakar, R.K., private communi-

cation.]
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A Lorentz line shape 1is generally used and the linewidth parameter

has a value of about 2.3 MHz mb~} (Waters, 1976). Calculations of the

zenith attenuation are shown in Figure 18 for various ozone profiles. At

frequencies greater than 100 MHz from the line center the absorption 18
reduced to less than 1/4 of the peak value. For the operating frequencies

in Table 2 the closest are 80 MHz and 150 MHz from the line center. Ozone

absorption for these 1s respectively about 0.010db and 0.005db while a 3mb

pressure change causes a change in attenuation of about 0.03db. A

correction to the pressure measurement based on the known global distri-

bution of ozone would probably reduce ozone associated errors by a half.
In the first case this is still significant at 0.5mb but in the latter case,

the final frequency set of Table 2, the error is reduced to an acceptable

ievel of about 0.2mb.

9.2 16g18¢

The isotopic species of oxygen, 169,170 and 180, are present in the

atmosphere in the following fixed relative abundancies:

169 99,76 %
179 .037%
18¢ .204%.

Thus the relative abundancies of the principal molecular forms of oxygen

are
169, 99.52%
169180 41%
16917¢ .07%

Each of these has a distinct spectrum but in Section 5 and 6 the spectrum

of only the dominant 160, molecule was used as the basis for the frequency
gelection calculations. Since absorption accuracies at the level of
fractions of 1% are needed to satifactorily measure pressure the proportion

of 160180 present in the atmosphere is possibly sufficient to affect the

calculations.
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Figure 18. Zenith attenuation due to ozone near the 67.356 GHz

1ine for various profiles.
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The spectrum of 160180 differs from that for 1602 in having twice the
number of lines. This 1s because the lack of aymmetry allowa for even an
well as odd values for the rotational quantum number N, Aa a conscquence
the line intensitiea for '©0180 are approximately half as strong as thosc
of the corrcsponding transitinns for 160,, Accurate values for rhe reso-
nance frequencies of 160180 “ave been published for only a few linea near
the band center (Steinbach and Gordy, 1975). Typically the lines for 6oltg
are displaced from the corresponding 1602 lines by a few hundred Mz, HSipce
there are also lines for even N resonance peaks will be scattered throughout
the 1502 valleys. However, in the band wings, where the operating fre-
que.. ing of the pressure sounder have been chosen, even the 1602 peaks are
not very prominent. It can therefore be expected that little if any effect
of the isotope substitution will be noticeable except perhaps within a few
Miz of the 160!80 line centers. Calculations are being undertaken using
the molecular constants of '60l1V0 to determine the positions of other line

centers so that these may be avoided if absorption effects are found to be
significant,

9.3 Ahsorption by Clouds
9.3.1 Water Clouds

The presence of cloud in the vertical path through the atmosphere will
affect the return signal through absorption and scattering of the incident
radiation. Much theoretical work has been published using electromagnetic
scattering theory to compute attenuation coefficients, vy, and backscattering
cross sections, ¢ (Ryde and Ryde, 1945, Goldstein, 1951, Gunn and East, 1954).
Rigorous experimental verification of the following theoretical calculations
for cloud absorption (as well as other aerosol effects) is generally un-
satisfactory because it is not possible with a reasonable number of measure-
ments to fully specify the spatial and temporal fluctuations in aerosol
density and drop size distribucion. However, the measure of agreement which
is obtained, is commonly accepted as evidence that the theory provides an

adequate basis for the description of electromagnetic wave interaction with
aerosols,

For a theoretical analysis of the absorption by clouds at the fre-
quencies of interest here, the Rayleigh scattering approximation is valid

e e S

Y
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L’ since the wavelengths are much larger than the diameter of the water drop-

} . lets in cloud (<0.05mm). Frequency dependences in y and o arise from this

=y and also from the dielectric properties of the scattering water droplets. r
To complete the quantitative description of absorption by clouds, assumptions

' musi be made about the distribution of drop gizes. Laws and Parsons (1943)

e

4
&
!ﬁ
> made extensive measurements and their results are most commonly used.

With an analysis using these fundamentals Gunn and East showed the
attenuation coefficient, vy, due to water cloud to be given, in db km~!, by

the expression

:
»
N
i
P
iy
P
i
KA
5
G
I3
&(

y = 0.434 -i-‘l % Im(~K) 9.1

i
.

3

§ where the wavelength, A, is in cm, the density of water, p, is in gm cm”

{a ) and the density of water in the cloud M is in gm m 3. There is a frequency
B ?

.g - dependence within Im(-K) which is given in terms of the real and imaginary

g parts, €' and €", of the complex dielectric comstant, [e], as

kfr‘ "

i Im(-K) = 3¢ 9.2

i

(e' +2)2 + "%

and details are given in Section 10 of the Debye model from which e' and e"

can be obtained.

L
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Benoit (1968) fitted straight lines through Gunn and East's discrete
data shown in Figure 19 and arrived at the following empirical expression

for the absorption coefficient:

a -
y-mbleldbkml 9.3

The frequency, v. is in GHz, the frequency index, b;, for water cloud has a
value of 1.95 and the temperature coefficient, a; = -6.866 (1 + 0.0045T)

|

when T is in °C. More recent calculations by Crane (1971) extend the data

i available to 100 GHz, Figure 20.

B In Scection 3.3 it was assumed that integrated cloud absorption could ;

be modelled by a second order polynomial variation with frequency, viz

T T T T T T T T e e

e r, = a+bv+ ev?, 9.4
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and it can readily be shown now that the above data fits such an expression,

|

In Table 4 values for the absorption coefficient, calculated assuming the
empirical relationship, 9.3 above, are compared with values from a best fit
polynomial. The values agree to better than 0.2%. Cranes smooth curves in
Figure 20 can also be fitted, within the 25 to 75 GHz range by other second
order polynomials and the computed lines are indistinguishable from the

S original lines. Of course, the actual values of a, b and ¢ are not important

| since selecting frequencies which satisfy the conditions 7.9 makes the pressure
index, S, independent of these coefficients.

The magnitudes of the absorption coefficients for various cloud types
are important since these will determine the strengths of the received

signals. Thus heavier clouds will produce a reduction in signal~to-noise

il

_{ﬂ' : ratio which ultimately limits the accuracy of the pressure measurement.

g}- Several models of water clouds are commonly used, in which the cloud is

- ' characterized by the density, M, and its thickness. The product of these
éé;m : two factors gives the integrated liquid water content, WL, usually expressed
4 . in gm cm™2 and in accordance with equation 9.3 attentuaticn is directly

proportional to WL at any fixed frequency. Cloud temperature is also
significant, being generally in the range -10°C to +20°C and varying with
cloud altitude, latitude and season. Table 5 shows attenuation for a re-
presentative set of cloud types at 0°C for the frequencies 25, 50 and 75 GHz.
The values will be slightly less for higher temperatures.

For more than half the time, atmospheric liquid water is essentially
zero (Staelin et al, 1976) while the overwhelmingly dominant cloud types
have WL < 0.05 gm cm” 2. Occasionally liquid water exceeds 0.6 gm cm™2, the
highest example in the table but these are generally small scale phenomena.

é; The presently envisaged pressure sounder designs should allow meaningful

: ‘ pressure measurements to be made with attenuations of up to 5db in the
highest frequency channel. Since this corresponds to wL ~ .1 gm cm 2 almost
all cloud conditions will be accommodated. Further discussion of potential
coverage is reserved for Section 12 following a complete description of the

instrument and an analysis of signal-to-noise errors in Section (1.

— e
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Cloud Absorption, db

Frequency From 1.95 From y= _
GCHz y=(constant)xv ~° -4,412 x 1072
+4,175 x 1073y
+8.412 x 10742

25 0.5869 0.5860
35 1.1312 1,1325
45 1.8466 1.8472
55 2.7309 2.7302
65 3.7825 3.7814
75 5.0000 5.0008

Table 4. Approximation of cloud absorption by a second order

"f;{
1 _-' -

polynomial.,
Density Depth Integrated Absorption, db
gm m~3 km Liquid gater
gn cm 25 GHz 50 GHz 75 GHz

Stratus Clouds

0.1 1.0 0.01 0.05 0.21 0.48

0.25 1.0 0.025 0.13 0.54 1.21
Fair Weather Cumulus

0.5 1.0 0.05 0.27 1.07 2,41

1.0 1.0 0.1 0.54 2,14 4,82
Tall Cumulus

1.0 2.0 0.2 1.07 4,29 9.64

2.0 3.0 0.6 3.22 12,9 28.9
Cirrus

0.05 0.5 0.0025 .00006 .00012 .00018

0.10 1.0 0.01 .00023 .00046 .00070

e e e e e e e e i
. . 2

e T
ST -

Table 5. 1Integrated absorption for some typical clouds.
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9.3.2 1Ice Clouds

High altitude cirrus clouds frequently occur and will often extend
for 1000 km or more. These clouds consist of small ice crystals, are of
low density, M < 0,1 gm m'3, and are generally thin layers, &§1lkm. The
dielectric constant for ice is very much different from that for water
and this results in a much lower absorption coefficient. Gunn and East's
data for ice cloud attenuation are also shown in Figure 19 and Benoit
fitted these with an empirical expression of the same form as equation 9.3.
The indices for ice clouds have the values b; = 1,006 and

a; = 8.261(1 - 1.767x10 2T~ 4.374x10™% T2) 9.5

This is very close to a linear variation with frequency and is consequently
readily accounted for by a second order polynomial. However, the values

in Table 5 for attenuation by typical ice clouds, at 3 or 4 orders of
magnitude less than for water clouds, indicate that the presence of cirrus

will have an insignificant effect on pressure measurement.

9.4 Absorption by Precipitation

The distribution of drop sizes in rain typically exhibits a maximum
number of drops with radii near 0.5 mm (Marshall and Palmer, 1948) and,
depending on the rain rate, some drops may have radii up to 4mm. The
wavelengths most suitable for pressure sounding are ~ 4mm and longer.
Because of the similarity of these dimensions it is necessary to use Mie
scattering theory to determine the absorption coefficients for rain. The
results of such calculations by Crane are included in Figure 20 and the
smooth curves can be adequately fitted with a second order polynomial in
frequency. Absorption by rain can therefore be accounted for provided the
total attentuation is not excessive. Typical rain cloud states must next
be examined to establish the conditions under which this requirement may be
satisfied.

Figure 21, taken from Valley (1965) shows how the liquid water content

of clouds varies with altitude for surface rain-rates between 2 and 20mm hr-!.

The total atmospheric liquid water in these cases can be estimated to vary
from 0.04 to 0.15 gm cm™<, partly in the form of small cloud aerosols and the

‘,/.2'3-"‘--- ’ - _if e Ly
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Figure 21, Liquid water content of cloud

for various precipitation rates.
(From Valley, 1965)
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remainder as larger rain drops. Without more detailed information on the
vertical extent of the rain it is impossible to evaluate with any accuracy
the total attenuation but assuming, for the 2mm rain rate, a 3 km rain
depth the total rain and cloud attenuation can be estimated using Figure 20
to be less than 5db at 75 GHz. Other precipitation conditions occur with
rather thinner cloud of perhaps higher density which could result in similar
total absorption. It is possible then that the pressure sounder may give
meaningful measurements with rain rates of a few millimeters per hour. Its
use in heavier rain appears to be limited by attenuation rather than in-

accuracies in the frequency variation model.

More detailad and accurate analysis of absorption by rain is not neces-
sary at this time since an instrument whose use was limited to non-preci-
pitating clouds would nevertheless be worthwhile. Similarly, although models
exist for absorption by other forms of precipitation which would allow a
superficial assessment, a detailed consideration of the possibilities for
measurements in hail, sleet and snow is of no great value because of their

comparatively infrequent occurrence.

9.5 Backscatter from Aerosols

1f it is sufficiently strong, backscatter from aerosols could affect
the measurement of surface pressure by this proposed microwave transmisso-
meter technique since the return signals would not have been attenuated by
the important lower levels of the atmosphere. However, the following analysis
shows that cloud reflectivity is not significant for those conditions when
attenuation is small enough to allow the pressure measurement to be made.
The reflectivity of rain has been used extensively in weather radars to
monitor the position and extent of precipitation. At millimeter wavelengths
the backscatter cross-section is large enough to affect the pressure sounder

and will probably be a more severe 1imitation on measurement capability than

attenuation by rain.

The electromagnetic scattering problem was solved using the Rayleigh ap-
proximation by Gunn and East (1954) to give the magnitude of the radar
signal reflected by cloud as

Pp = Pp AL k|2 295. 9.6
8 h2 a4
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Most of the symbols have been defined in Section 3. L is the depth of the
cloud, D is the particle diameter and the summation is over the distribution
of drops in unit volume. There is an implicit frequency dependence in IKI2
which is given in terms of the compler refractive index [e] by

e 2 ° 9.7

It is convenient for our purposes to define a normalized cloud backscatter
cross~section, s which may be directly compared with the sea surface cross-
section, oo, as used in equation 3.4. At the same time we follow convention
by introducing the radar reflectivity factor

z =-:206. 9.8

o, = 75 k|2 12 x 1077 9.9

AH

Then

and is a dimensionless ratio when a confusing array of units is used: L in
km, Z by convention in mm® n~3 and A in cm. Using the Laws and Parsons
drop-size distribution for cloud Z can be computed and this results in the
following empirical relationship with M, the cloud liquid water density in
gm em™3 (Valley, 1965)

Z = 0,048 M2 , 9.10

Now we are in a position to evaluate O Sufficient indication of the

possible effects of cloud backscatter can be obtained with an estimate of

LA for cloud conditions some five times worse than can be penetrated by the
pressure sounder. At the highest operating frequency A = 0.4 cm and [K|[2~0.5,
depending on temperature. For a deep, heavy, essentially opaque cloud with
M=1 gn m'3 and L = 5 km, equivalent to a total water content WL = 0.5 gm em” 2,
then equation 9.9 gives 1

o, = 1.43x10”"% or -38db. 9,11

This is insignificant when compared to the sea surface cioss-section,
o® & + 8db so that backscatter from water clouds will not affect the measure-

ments.
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Little data is available on the reflectivity of cirrus (ice) eclouds
but Valley gives an order of magnitude estimate of Z, viz

z 570 M *+8 9.12
Particularly bad cirrus clouds might have M = 0.1 gm m3and L =1 km
so that at A = 0.4 cm for which |K|? ~ 0.2 equation 9.9 gives

This is more than three orders of magnitude less than ¢ and will therefore
not influence measurements at nadir. Off nadir measurements may occasionally

be affected by cirrus cloud reflections if equation 9.12 is accurate.

For rain, the backscatter cross-section . is also given by equation
9.9 except that Z must be replaced by Ze, an equivalent radar reflectivity
factor. This is necessary because the Rayleigh approximation becomes in-
valid and Z must be computed using the exact Mie equations with the Marshall-
Palmer rain drop-size distribution. Valley has surveyed the data relating
Ze to the rainfall rate R (mm hr~!) and at millimeter waveiengths a good
approximation is

z, = 300 R 1.5 mbm=3) 9.14

Thus, when R = 5mmhr~! and L = 1 km the normalized backscatter cross section

at a wavelength of 0. cm is

o, = 3db. 9.15

This is consistent with the results from Godard (1970). Being of the same
order of magnitude at o® it can only be overcome with a pulsed radar and
precision range-gating. The marginal improvement in coverage which would

be provided by this technique does not by itself warrent the increased com-
plexity and expense.

Sleet, snow and hail also reflect at millimeter wavelengths. For
these the equivalent radar reflectivity has a similar value to Ze for rain
and measuring capability will be similarly limited.

i




, l.
e T
i i

’*iiif::3:.

C_Cg N

AN

A Toh
1 pa T T

e

AR

;:(‘ti;\:?i*‘jg-‘ -

L

<
\.‘»‘-.i.?-—»_ﬁ'

S

DL S L
A

PN

i

P

e 2o
AR

<

e

B e o gy

i <

T

61 g

ce e

s,

AL

9.6 Broken Cloud and Other Non-Uniformities

All of the design considerations to this point have implicitly assumed
that the properties of the field of view, smeared for the integration time
for a single pressure measurement , are constant and hence that the signal
levels are constant, except for statistical fluctuations due to the sea
surface. Any non-uniformity along the orbit track such as pressure changes,

‘————_-témperature or water vapor profile differences, the presence of broken
cloud and sea state changes will cause the strength of the return signal
to vary. Of these the most important 1s broken cloud since it can produce
sudden large changes in the echo signal from nearly adjacent points while
the other factors will cause smooth changes. When the cloud sizes are
comparable with the instantaneour field of view then the received signal
will fluctuate along the track. However, if the cloud sizes are much
smaller but extend over a large area then the changes will be smooth. In
either case the effect is to modify the frequency dependence of the back-
ground as modelled by equation 7.8. An analysis of this problem indicates
how all non-uniformities may be accounted for since they can all be in-

corporated into the background effect.

It has been shown that the appropriate choice of frequencies will
make the background factor, SB’ unity when the cloud absorption coeffi-
cient is represented by the second order polynomial, equation 7.8. When
uniformly thick cloud covers a fraction p of the field of view smeared

along the orbit track then the cloud transmissivity, Tp» Can be written

- 2
0.2(a + bvi + ev, )

1,2 (v) = (1-p) +p 10 . 9.16
The background factor is obtained from the combination
= qlt,2 | ¥
g% M Gyt 9.17

This will be unity only when p = 0, 1 and can be expected to have the
- largest error when p = 0.5.

It was indicated in Section 9.3 that the worst cloud through which
measurements would be possible will attenuate the signal by 5db at 75 GHz
over a one-way path. Using the values of the coefficients a, b and ¢
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given in Table 4 for this cloud setate and the frequencies of Table 2, line

the calculated value of SB when p = 0.5 18

SB = ,9763,

This represents an error in the measured index S of 2.47% which is equiva-
lent to a 3mb pressure error. This is a significant error but it 18 for
the worst case and generally errors will be much less or zero., For

example, when the cloud attenuation is 1db at 75 GHz and p is again 0.5

the error is < 0.5 mb.

The effects of broken cloud can be mitigated in several ways. The

most easily implemented method is to divide the integration time into several

shorter periods, calculate the index S for each subdivision and finally to

average S over the total integration time. Processing the measurements in
this way means that errors onlv occur when the subdivisions are partially
filled with cloud. Alternatively, or indeed additionally, fluctuations
in the return signal strength due to broken cloud might be utilized to

apply a correction to S.

Other possibilities involve modifications to the procedure for
selecting the operating frequencies. A different function of rrequency
to describe the background effects may be advantageous. Water cloud is
the most important background effect and it has a nearly quadratic fre-

quency dependence (equation 9.3). Thus a three parameter model for back-

ground with the form

r, = at+ bv2 + eVt 9.18

would adequately account for uniform cloud and at the same time signifi-
cantly reduce the effect of broken cloud. The alternative to this is to
extend the numerical optimization routine, as indicated in Section 7.6, so

that it includes a cloud effect term, This can be used with a set of

cloud states to select operating frequencies which minimize sensitivity to

uniform and partial cloud cover conditions.

[0}
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All of these methods for reducing the broken cloud exrors are the
subject of continuing studies as are the effects of smooth variations in
the other factors. A quantitative assessment of the relative frequency
of various atmospheric states 1s necesasaxy to enable a dectsion to be

made on which of the alternative techniques is most appropriate.
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10.  Sca Surface Reflectivity

10.1 Normalized Backscatter Croas-~Section

Reflection of clectromagnetic waven by the sea surface in characterized

by the normalized backsecatter croga~rection, a(0), which is defined as the

ratio of (the radar backscatter cross-aection) to (the horizontal surface
arca intercepted by the antenna beam ) (Tomiyasu, 1974). Being a ratio,

a(0) is dimensionless and physically represents how good a reflector the

sea surface is in comparison to a perfectly roflecting sphere. The average

value of o(8) is a function of surface roughness, complex dielectric con-
stant, temperature, frequency, polarization and angle of incidence. of

equal importance to the average value of o(0) is the statistical variation

in the reflected signal due to the nature of the sea surface and this is
considered in Section 10.8. Many papers have been published in recent
years on both the theory of sea surface reflectivity and its experimental
measurement (see Barton,1973, Skolnik, 1970 for bibliographies).

Measurements of the angular dependence of 0(8) confirm the theoreti-
cal results of Barrick (1968) shown here in Figure 22. With transmitter

powers limited to a few watts it will only be possible to make measure-

o
ments at or near to the vertical. The nadir value, 0, is greatest for

1ow values of the mean sea slope, s. For these calm sea states o(9) falls

off rapidly as the angle trom nadir incresses. As the sea becomes in-
creasingly rough the maximum value is reduced but o(8) falls less rapidly

away from the normal. Consequently rough sea states are better for
making measurements away fromthe subsatellite track. The rapid fall-off
of o(8) at angles greater than ™ 15° for commonly occurring sea states

1imits the use of the Microwave Pressure Sounder to nadir and near nadir

operation.

10.2 Theory

In the composite model commonly used the slope of the sea surface
is characterized by two roughness scales corresponding to gravity and
capillary waves. Significant waveheights, H, associated with the first

range typically up to 10m while for the latter the characteristic length

ig of the order of centimeters. The sea surface is considered to be rough

R — e -
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if H > A/27, where X 1c the wavelength of the incident radiation, while a
slightly rough surface has H v A/2m, Both scales are present at the same
time in the sea surface and the superposition of microstructure on the
large scale roughness obviously affects the distribution and size of the
specularly reflecting facets. However, scattering by each scale may be
analyzed separately and to a first approximation the total backscatter
cross-section is the sum of the two individual contributions (Barrick and
Peaks, 1968). At normal incidence the influence of the larger scale
dowinates since backscatter due to the gravity waves is 3 or 4 orders of
magnitude greater than that due to the capillary waves. The operating
frequencies of the microwave pressure sounder are between 25 and 75 GHz
(wavelengths between 12 and 4 mm) so that even on the calmest days the

sea surface will be "rough."

For rough surfaces the recognized technique for the derivation of
oo is the specular point theory (Barrick, 1968). Various formulations
(e.g. Kodis,1966; Stogryn, 1967) of the problem arrive at the same result
for the backscatter cross-section which, with the assumption of a Gaussian

probability distribution of the sea slopes (or heights), Barricks gives as:

° = |R()]?2 10.1

g2

for normal incidence, where s is the mean sea slope and R(0) is the Fresnel
reflection coefficient at normal incidence. o°/|R(0)|2 is independent of
frequency and Barrick's values of this lie between 5 and 27 db for various
sea states while IR(O)l2 is between ~-2.5 and -4.5db. At normal incidence,
o® does not depend on polarization and the reflected signal suffers no
depolarization. Cox and Munk (1954) showed that the distribution of wave
heights is approximately Gaussian and this has most recently been verified
by Weissman and Johnson (1977). However, Barrick and Snider (1977) show
that the Gaussian assumption is not necessary while Barrick (1968) shows
that other statistical distributions lead to similar values and properties
of o°.

Although the contribution to the total backscatter cross-section

from the surface microstructure is small a brief consideration of it is

......
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desirable, 1In the ecircumstances where the surface i3 slightly rough, i.e.

H < A/2m, o° 1s determined by the boundary perturbation method of Rice

(1951). This leads to a Bragg scattering criterion which make o(6) dependent
on frequency, angle and polarization. However, at normal incidence co/IR(O)l2
is- again independent of frequency and polarization as the measurements of
Guinard et al. (1971) show.

10.3 Temperature and Frequency Dependence of o°

The temperature and frequency dependence that there is in o® at normal
incidence arises because of the inclusion of R(0) in equation 10.1. The
Fresnel reflection coefficient may be expressed in terms of the complex

dieleciric constant, [e].

l - |e|;i 2

10.2
1+ [e)%

|R(0) |2 =

and € at microwave frequencies is given by the Debye expression, which, in

its most general form is:

eme,+ S87 % - 0 10.3
1+ (ij)l—a we,
W= 27V is the radian frequency with v in Hertz
€, is the dielectric constant at infinite frequency (=4.9 + 20%)
€g is the static dielectric constant
T is the relaxation time in seconds
o is the ionic conductivity in S m~!
(V] is an empirical constant (best value = 0.02 + 0.007)
€, = 8.85 x 1012 Fm~! is the permeability of free space

Klein and Swift (1977) have reviewed the recent work done to establish
accurate microwave values for the real and imaginary parts of ¢ demanded by
advances in precision ricrowave radiometry. Uncertainties exist in the
absolute values at millimeter wavelengths because of the high error asso-

ciated with € but of principal concern in the design of the pressure sounder
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; is the variation with frequency expressed explicitly by equation 10.3.

: The quantities Cgs T and ¢ are temperature and salinity dependent.

%

PR Klein and Swift (1977) give polynomial expressions fromwhich they may be

o obtained. For the purpose of identifying the frequency dependence of |R(0)|?

e from equations 10.2 and 10.3 the following values at 15°C and 35%c¢ salinity

- -

- were used: € = 74.10, © = 10,50 x 10°125 and 0 = 4.290 Sm 1, 1In addition

'%i o was approximated by zero. The values of |R(0)]? thus determined for v = 20

- through 80 GHz are given in Table 6. The frequency variation can be adequately

:; represented by the second order expression

7

et 2

: 10(a + bv + cv®)

3 _ \

=5 where a = -.1696, b = -.002948 and c = 4,163 x 10 6, as illustrated by the ]

E? values based on this approximation given for comparison in the third column.

:?" Temperature dependence is such that at 50 GHz |R(O)|2 = .452 and .523 !
]

at 5°C and 25°C respectively. Such variation is not significant in the con-

text of the proposed instrument where the values of the coefficients a, b

and ¢ are eliminated by the combination of transmissivity ratios.

i 10.4 Measurement of o

i: Of the many measurements that have been made of sea surface backscatter

% cross-section few have been in the frequency range of interest here. The
first such measurements reported are those of Wiltse et al. (1957) taken
with a 17° beamwidth radar, mounted on the bow of a ship, at frequencies of

9.6, 24, 35 and 48.7 GHz for a range of angles and sea states. The angular

j dependence has the form given by theory and the measurements at and near

normal are summarizad in Figure 23. Wiltse et al. conclude that c° does not
Y vary with frequency - at least to within the limits set by their 2.5db i
3 . accuracy. The normal incidence values of ¢® at 48.7 GHz is 7 db for a wind j

speed of 4-10 knots.

Making measurements at 9.4, 24 and 35 CGHz from a bridge with beamwidths %

of about 3%, Grant and Yapleec (1957) obtained a normal incidence significantly

higher values of o® and (Figure 24) a variation with frequency which has not

e s 2t

since been corroborated.
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Frequency |R(0)|? from |rR(0) |2 |r¢0) | ?
GHz Equation 10.2 Approx. db
20 0.5928 0.5332 -2.27
30 0.5574 0.5569 ~2.54
40 0.5241 0.5239 -2.81
50 0.4937 0.4938 -3.07
60 0.4661 0.4663 -3.32
70 0.4411 0.4412 -3.56
80 0.4184 0.4182 -3.78

L

Table 6. Variation of the Fresnel Reflection Coefficient with

Frequency

Surface Wind Speed 12.5 25 29.5 36 45 48.5
(knots) :
o (db) 10 13 3 8 9 4

Table 7. Normalized Backscatter Cross-Section at 13.3 GHz,

5° Angle of Incidence (From Krishen, 1971).
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L Later work has concentrated on confirming the theoretical angular Je-
pendence of the backscatter with the intention of relating this to sca state
parameters and wind speed. Guinard et al. (1971) made multifrequency
- . (0.4 to 9.0 GHz) Mmeasurements but absolute values of ¢° were not determined.
;,”k Measurements by Krishen (1971) with a fan beam at 13.3 GHz arc given in
. o Table 7. These are for an angle of 5° from nadir but should not be very
difforent from normal incidence values, At the high wind specds for which
- the measurements were made the sea is likely to have significant foam coveragoe
‘ but no indication of this is reported. Barrick (1974) reports measurements
made by Genest at 9.0 GHz to an accuracy of +.9 dp (Figure 25). Tt can be
seen that as the wind speed increases ¢° reduces to a minimum value of about
g)_ 9 db in agreement with the values based on Barrick's theory represented by
the line. The most accurate measurements (+,7 db) are those made by Jones
et al. (1977), at 13.9 GHz, with an antenna of beamwidth 1.5°, Their results
at normal incidence are summarized in Table 8 and in Figure 26. These again

fit Barrick's theory well except at the highest wind speed where again probable
2 foam coverage was not reported.

Lodavawt g

(]

Measurements have also been made of radar backscatter cross-sections at
é;?s .63u to 10.6u from rough metallic surfaces. Cheo and Renau (1969) show that
= the specular point theory can be applied at these very short wavelengths and
that o° is independent of frequency for rough surfaces satisfying the con-
dition h/A > 1/4. For a surface with rms height from the mean hv7u and the
meén scale size along the surface 1n50u, ¢° 1s 15 db and when hvlp and 14104
then ¢° is 17 db. These correspond to the results of Barrick's theory (Figure 22)

when the surface slopes are s = tan 10° and s = tan 8° respectively.

10.5 Sea State and Foam

The roughness of the sea is driven by the wind but the relationship of
sea state to wind is rather imprecise. This is because gravity waves take on
the order of hours to build up and decay while the capillary waves are much
more immediately responsive to wind variations. The smooth curve of Figure 27
from Barrick (1974) relating sea surface slope to wind speed disguises the

very wide range of values that have been measured particularly at lower speeds,

>

However, g2 approaches a limiting value of less than .09, corresponding to

tan”! g = 160, for winds in excess of 40 knots. From Figure 22 it can be seen

L | i
N
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0 a® Error in 0 a® Error in
(©) (db) a? (+db) ) (ab) a® (+db)
3ms—! Horizontal Polarization Vertical Polarization
UPWIND 1.26 11,87 0.72 1.25 11.51 0.72
DOWNWIND 0.82 12.49 0.76 0.77 12.16 0.76
CROSSWIND 0.69 13.44 0.72 0.94 12.86 0.72
6.5ms™! Horizontal Polarization Vertical Polarization
UPWIND 1,10 11.19 0.67 0.89 11,17 0.67
DOWNWIND 1.06 9.67 0.70 1.05 $.39 0.69
CROSSWIND 1.34 11.14 0.67 1.37 10.77 0.64
13.47ms™! Horizontal Polarization Vertical Polarization
UPWIND 0.12 9.12 0.59 0.12 9.04 0.59
DOWNWIND 0.12 9.51 0.59 0.11 9.41 0.59
CROSSWIND 1.04 9.26 0.55 1.06 9.34 0.55
15ms™! Horizontal Polarization Vertical Polarization
UPWIND 1.33 190.41 0.75 1.28 9.96 0.74
CROSSWIND 1.42 9.69 0.77 1.76 9.55 0.74
24ms™1 Horizontal Polarization Vertical Polarization
UPWIND 0.41 6.93 0.54 0.35 6.67 0.53
DOWNWIND 1.C03 6.58 0.54 1.05 6.54 0.54
CROSSWIND 0.30 6.38 0.53 0.27 6.38 0.53

S o e e

,‘,.
e e e i
P :

6 is the mean angle of incidence in degrees.

Table 8. Normalized Backscatter Cross-Section at 13.9 GHz (From Jones
et al., 1977),
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that a®/|R(0)|? should vary from a minimum value of about 11 db up to perhaps
25 db. The measurements of o° by Genest in Figure 25 and Jones et al. in
Pigure 26 demonstrate that such a minimum of 0% 18 indeed approached with a
value close to that given by Barrick's theory.

Meteorological data indicates that surface wind speeds in the range 3
to 12 ms~! overwhelmingly predominate so that, in the absence of foam, o’ at
any frequency will generally vary by only a few db although occasionally it
will substantially increase in exceptionally calm conditions.

No measurements have been made to determine directly the effect of foam
on sea surface backscatter cross-scatter cross section. However, radiometric
observations of the microwave emissivity, e,of sea surface show that at 9.4
GHz (Williams, 1971) and at 19.3, 22.2 and 31.2 GHz (Nordberg et al., 1971)

e increases from .4 to nearly 1 as the density of foam coverage increases.

The distribution of bubble sizes as determined by Monahan and Zietlow (1969),
Figure 28, reaches a maximum of .5 mm radius and falls off rapidly so that few
have radii in excess of 2 mm. Resonance effects can therefore be ruled out

for the frequency range of interest here and e can be expected to be similar for
all the pressure sounder channels. Since, e =1 - |R(0) |2 the presence of

foam will reduce ¢°, at worst, in proportion to the fractional foam coverage.
Ross and Cardone (1974) have related wind speed to foam coverage but the

curve of Figure 29 smooths out the large fluctuationc expected since the state
of development of the sea also affects foam coverage. For wind speeds up to

15 ms~! there is usually less than 5% coverage but as much as 30% coverage has
been observed with winds of 25 ms™!. Under these extreme conditions back-
gcatter cross section can thus be reduced by about 1.5 db and this could account

for the deviation from theory of Jones 24 ms~! measurement of o° in Figure 26.

The experimental and theoretical evidence reviewed in 10.2 through 10.5
substantiates the earlier assumption of an average value of o° at no-mal
incidence in excess of 5 db with a frequency dependence expressible by a

second order polynomial,

10.6 The Effect on Pressure Measurement of Higher Order Frequency Dependence

0
in o

An instrument with operating frequencies satisfying conditions 7.9 gives
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Figure 28. Bubble size spectra from seawater
pouring experiments (From Monahan
and Zietlow, 1969)
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a measurement of pressure which is not affected by the second order frequency
dependence of ¢° given in Scction 10,3, Since conclusive measurements of a®
have not been made over a wide frequency range there remains the possibility
of 3rd and 4th order dependencies of a® on frequency, In this case a® would

have the form

o® = exp (a + M+ cv? + dvd + evt) 10.4

For a particular set of operating frequencies it is possible to quantify the
change in ¢® which would give a change in the index 8, equivalent to a

change in the surface pressure of the nominal design accuracy, 3 mb.

This calculation has been carried out for the six frequency system of
Table 2, line 4 and the measurement technique is found to be relatively in-
sensitive to high order frequency dependence. To give an error in S equiva-
lent to a 3 mb change in pressure, ¢° must change by 1.5 db between 25 and 75
GHz due to 3rd order dependence alone or by 0.75 db for the same frequency

range due to 4th order dependence aloune.

10.7 o(9) Away from Normal Incidence

“thile an ability to remotely measure pressure along a subsatellite path
is of great significance, it would be of even greater value if the two-di-
mensional pressure field could be mapped by making off-nadir measurements.
The limiting factor is the reduction of o(6) at angles away from nadir and
this is most severe for calm sea conditions. Figures 22 and 27 allow a quan-

titative assessment of these limits to be made.

Surface wind speeds of a few ms ! and their associated sea states fre-
quently occur but only rarely does the wind speed fall below 1 ms~! and the
corresponding sea state occurs less often since the calm wind must prevail
for many hours before the sea surface becomes calm. We can therefore expect
s2 = 0.04 frequently and s? = 0.01 rarely. For these tan™! s is 10° and 5°
respectively and in Figure 22 the corresponding values of o° are plotted as a

function of angle of incildence.

0ff nadir measure will be limited by the reduction in ¢° and the conse-

quent reduction in signal to noise which can be tolerated. Presently envisaged
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designs allow for a combined loss due to ¢° and attenuation by cloud and
rain of about 10 dbh. Since calm seas are usually accompanied by little
cloud, a minimum value of ¢° = -5 db should atill enable useful measucementg
to be made. From Figure 22 it is apparent that measurcment could be made

at angles of up to 15” from the vertical except on occasions of a calm sea.

For these low angles of incidence the value of o% s still dominated
by tho gravity wave structure so that frequency variation due to Bragg re-
sonance does not occur (Guinard et al. 1971) but frequency dependence through

the Fresnel reflection coefficient applies as before.

10.8 The Statistics of Sea Surface Reflectivity

It is common practice when considering the statistical variation or a
microwave signal reflected by the ocean in a particular direction to assume
that the surface is composed of many randomly-distributed, specularly re-
flecting facets with appropriate orieutations. The experimental results of
Weissman and Johnson (1977) confirm that the distribution of wave heights is
approximately Caussian. Then, provided that the radar footprint is larger
than any coherence length in the sea-surface wave field, the return signal
of a beamwidth-limited monochromatic radar is the (voltage) sum of a very
large number of echoes, the in phase, x, and quadrature, y, components of
which have independent Gaussian distributions.

The total power received is
I(t) = X7(t) + Y2(t) 10.5

where X = Ix and Y = Iy and the summations are over all the reflecting

elements. ‘The distribution of power then has the form

P(I) = _%; exp(___i;) 10.6

which is the Rayleigh probability distribution for which the mean is I, and

the r.m.s. deviation

)"
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is also I . The very large fluctuations in signal amplitude that this
implies is known to observers as Raylelgh fading,

It is propesed to measure the ratio of the return signals at a pair
of frequencles and if the inatantancous reflectivities at the two frequen-
cles are related a single measurcment is sufficient. However, Welasman's
dual-frequency radar cxperiment shows that cohercnce of the signals extends
over a frequency separation of less than 40 MHz. Although the frequency
cohercrce width is greater for a spacc platform it does not approach the
several GHz separation which 13 required for the pressure sounder. Conse-
quently it is necessary to effectively measure the average value of the

normalized sea-surface backscatter cross section.

To obtain an accurate value for the average reflected power (or
equivalently, the average 0°) which has the probability distribution of
equation 10.6 a large number of independence samples N must be averaged. The
standard deviation of the average is Iol/ﬁ.and the fractional accuracy is
1//N. 1In Section 7.4 a fractional accuracy in the signal processing was
identified which was related to the design accuracy of the instrument,

§ = 3 mb/1000mb. Sufficient independent samples must therefore be obtained
to ensure that the contribution to the error in pressure measurement from

the 1eflectivity statistics is below this value. For a fractional accuracy
of between .0l and .001 then N must be between 10“ and 10®, The methods by
which this number of independent samples can be collected are discussed in

the following Section.
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Aj‘ : 11, System Design and Measurement FErrors

- ’ The parameters nvailable for the design of a Microwave Pressure Sounder
p R were identified in Scction 3, The moat important are the operating fre-

'j , quencles and in Section 7 a detailed analysis was presented for the selection
e+ of the optimum frequencles, In this section we e¢stablish criteria for de-

ciding values of the other parameters. The analysis 1s dominated by the

accuracy requirement. The r.m.s8. pressure error of +3mb has been trans-

formed using the pressure sensitivities of the chosen operating frequencies

to a measurement accuracy specification, equation 7.22, The two major

. sources of error whic’' interrelate all of the parameters are the sea-surface
iy reflection statistics and the signal-to-noise ratio. 1t is necessary to

} determine a set of system design parameter values so that the total error
%; is within the specification.

o
:). v The size of the antenna will be determined largely by the need to

Fw collect many independent samples and this fixes the receiver bandwidth.

i. The integration time and orbit height are also related to the antenna

radius through the sea-surface error but are further limited by coverage
and resolution requirements. The final parameter, transmitter power, has

no optimum value but should have as high a value as possible to raduce

. the signal-to-noise error.

The sea-surface statistical problem and its consequences for system

design are considered first.

11.1 Collection of Independent Samples and Signal Bandwidth

The antenna size to be used can be determined from a consideration
of the methods for collection of the independent samples required for an

—_— accurate measurement of ¢° as discussed in Section 10.8. Statistically

i
|
g independent samples are produced in the following ways:
1. By a change in the reflecting surface due to its own motion.

2. By illuminating a different reflecting surface due to motion
of the satellite.

3. By a (small) change in the radar frequency.

4. By illuminating a different reflecting surface by swinging

the antenna beam direction.
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5. By using multiple antennae.

Methods 1 and 2 occur naturally and we muat examine whetber they
provide an adequate number of independent samples within a reasonable inte-
gration time. The other methods requirc some appropriate action and may be
used to increase the number obtained naturally or to provide some advantage
in system design which outweighs the disadvantage that these lmply for ays-
tem complexity. The details of each alterrative are given In the following

subsections.

It is convenient to illustrate the various system options as they are

discussed in this section with numerical cxamples and to basc these on a

single set of parameter values. We shall use the following set and refer to

it later as System A:

Speed of satellite Ve 7.2 km 87}
Antenna radius r=25cm
Orbit height h = 500 km
Integration time t = 10 sec
Duty cycle D= ,167

The analysis is primarily intended to determine the antenna radius and the

above value will only be used as a reference figure when this is not the

object of the calculation. The orbit height and integration time given here

are reasonable intermediate values and further discussion of coverage and
resolution for a range of values will be given in Section 14. The duty
cycle represents the fraction of the total time that each transmitter is
switched on., We also chose, for illustration, an accuracy of 0.3% in each
channel which, for the six frequency schemes of Table 2, represents a 1,5%

accuracy overall or #2mb rms error in pressure,

11.1.1 Surface moticn

To change the reflecting surface sufficiently for statistical inde-
pendence of the echo signals the linear changes inthe positions of the
specularly reflecting faceus must be of the order of half the wavelength.
The worst case conditions which limit reliance on this method for the pro-
vision of an adequate rate of collection are for a calm sca where it is not
unreasonable to expect speeds as low as 0.5 ms~!, 1In these circumstances
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the coherence time of the sea surface for A/2 = 6 mm (the longest wavelength
presently envisaged) is about 12 ms. Thus it would take ~ 480 s to obtain
the number of samples (N) nceded for 0,5% measurement accuracy (1//N) in a single

chanpel and the integration time for the six frequency Instrument is totally

unsatisfactory.

11.1,2 Satellite Motion

11.1.2.1 Spatial Coherence Length

e

U
RS PRIt
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Satellite motion means that the reflecting surface is constantly
being changed . The displacement of the satellite for statistical inde-
pendence of two successively reflected signals may be obtained by application
of the Van Cittert-Zernike theorem (Born and Wolf, 1975). This gives an

e N

expression for the complex degree of coherence between signals at two points,

e

Py, P2, in a plane illuminated by an extended quasi-monochromatic source. For

Slng

R

II

a uniform circular source of radius R there is complete incoherence of the

signals when the separation of P; and Py is

d = 0.61 hA/R 11.1

where I is the distance between the source and the plane of P;P,. Applying
<1 - - . -ent situvation, the illuminated area of sea surface is the
3 tich approximates well to a continuous distribution since
;&f €. : large number of reflecting facets. The radius of this
g circuler soarc. 3 related to the angular beam width w of the radar antenna
by

w = R/h 11.2

The angular beam-width may be approximated by the angle to the first minimum

;3 of a diffraction limited aperture (the antenna of radius r)

w= .61 \/r 11.3

,‘
ez -

P .
e Ay I N UL

Combining these three equations gives d = r. However we can expect
the phase changes between P; and P to be double that implied here since the
phases in the cxtended source are affected by the motion of the radiating

antenna. So that the separation of points for complete incoherence is

d =r/2 11.4

{

e
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Independent samples are thus obtained by displacement of the antenna by

&

this Jpatial coherence length of half the antenna radius.

LR
o

The {imitations which make this an approximation to within a small

A e,
TN

numerical factor are: firsrly that the extended source Is not uniform but

|
“a

AT

has a Bessel function distribution and the radius used in equation 11.2 is

‘i? .

that of its first minimum; secondly the signal is detected not at a point

but is the sum over the antenna area. A more rigorous analysis of the

g i

Vo

o B i o
o ~
>

problem by Peckham (1975) takes these factors into account and gives the

spatial coherence length as 0.89 r for a circular antenna.

With this value of the spatial coherence length, 1.5% accuracy is
obtained in a time 0.89r /[VD(0.5 x 10~2)2] seconds, which for System A
is 7.7s. Thus the rate of collection of samples by the natural satellite
displacement overwhelms that due to changes in the sea surface with time.
7 When other methods for increasing the collection rate are not used, the
antenna radius is fully determined by the required fractional accuracy, F,,

and is given by the relationship
‘= tV D Fp? 11.5

It is apparent from the above numerical example that for the six frequency
sets of Table 2, F, is large enough for adequate collection rates to be

achieved by this natural process with a reasonable antenna size.

0f course, it is not essential to use a circular antenna. Th» most
favorable arrangement would be to have a small antenna dimension along the
direction of satellite motion, which ensures a high sample collection rate,
and a large transverse dimension to maintain a large receiver aperture and
hence small signal-to-noise errors. However, the antenna dimensions deter-
mine the surface spot size so that ground resolution considerations will

also influence the ultimate choice of aperture shape and size.

For a non-circular antenna the spatial coherence length must be re-
examined. Peckham (1975) shows that a rectangular aperture of side 2a in
the direction of motion has a coherence length of 1.08a and it can be ox-

pected *hat for an elliptical antenna the coherence length is between this

e sl mm o . omn e
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and the circular value e about cqual to the semi-minor axis.

11.1.2.2 Bandwidth

A Microwave Pressure Sounder relying on satellite motlon to provide
independent samples would be operated in an intermittent c.w. mode. The
return signal is X 130db below the transmitted power and the necessary
isolation is not possible to allow simultaneous transmit and receive operation.
Consequently a fixed frequency signal would be transmitted for the few
milliseconds required for the signal to return after reflection at the ocean
surface. The return echc has a larger bandwidth than the transmitted
signal because of Doppler frequeacy shifts produced by components of the
satellite velocity over the anguiar spread of the beam. The velocity com-
ponent along the 3db beam direction is +0.25 VA/r so that the Doppler shift
is 0.5 V/r and a total 3db receiver bandwidth

A = V/r 11.6

is needed to match the natural bandwidth of the return signal. TFor System A

this has a value close to 30 kHz.

Satellite pitch instabilities will cause deviations of the antennu
boresight from the nadir direction and will consequently offset the band of
received frequencies from its symmetrical arrangement about the transmitted
frequency. The specified inertial pointing accuracy of Spacelab is +0.5°
and since this is of similar magnitude to the beamwidth the frequency nffset
would be comparable to the bandwidth. Methods are available for improving-
the pointing accuracy of the platform and hence reducing the offset if this
is desirable. However, this is not a restricting problem so long as the

overall pressure sounder system is designed to accommodate such bandwidth
offset effects.

11.1.3 Frequency Sweeping

A combined consideration of the sca surface statistical error, the
signal-to-noise error and surface resolution suggests that significant {m-
provement in accuracy is possible if the natural rate of collection of in-

dependent samples can be Increased by one of the techniques (3-5) identified
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above.
vantages and engineering feasibllity of each alternative so that it may be

1)
I Detailed comsideration must therefore be given to the potential ad-

' - decided which if any should be implemented. We begin in this subsection

with the frequency sweeping technique.

The method of Section 7 for choosing the operating frequencies

has assumed that each is monochromatic. Small deviations from these values
can be tolerated without destroying the designed insensitivity of the com-
bined signal to unwanted background, temperature and water vapor effects.

However, if a sweep of % 100 MHz is required then the effects of these atmo-

spheric parameters on the accuracy of the pressure measurement must be re-

examined.

The fundamental reason why sweeping over a range of frequencies can
provide a number of independent samples is that signals at a pair of dif-

K ferent, but close, frequencies will have uncorrelated received echo ampli-
tudes after reflection at the sea surface if the frequency separation is large
enough. To increase the sample collection rate over that produced by satel--

lite motion the sweeping must be accomplished within the time taken for the

satellite to be displaced by the spatial coherence length, ie within a time
tg = r/V ( = 34 us for System A). The following analysis determines how much

the frequency must be changed to proiuce a statistically independent sample.

11.1.3.1 Frequency Coherence width

Weissman (1973) derives a correlation function R(Ak) for two (voltage)
signals reflected from the ocean at normal incidence when the frequency se-
paration of the two radar signals is Av = §%~ Ak, (c is the velocity of

electromagnetic waves). The correlation function has a magnitude

|R(ak) | = exp [-202(aK)7%] 1 11.7

{1 {(aK)he32 | ] 1

+
| 5.544 |

where o is the r.m.s. ocean wave height and the other symbols have been pre=

viously defined. The two factors which contribute to the correlation function
derive independently from the wave height statistics and the antenna pattern

function. This analytic expression for R(Ak) was obtained by Weissman by

-
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integrations over the wave height distribution and the antenna heamshape.

The integrations were facilitated by assuming a Gaussian Jdistribution of

waveheights and a Gaussian beamshape.

We require the separation; w_= Mg;-wk, of two frequencies such that

v
the two received signal powers are statistically independent. This we define
as the frequency coherence width and it may be expressed in terms of Weiss-

man's correlation function by

o
we =[ IR |2 deak) 11.8
Approaching the problem in a slightly different way Peckham (1975)
calculates Wy for that part of the correlation function due to the beam-
shape. He uses a Bessel function antenna pattern function and by numerical

integration obtains

= 0.5672 wk2r2 11.9

w
k h

where k = 2nv/ec.

Alternatively, W, may be obtained from the beamshape factor of
equation 11.7 thus

~ d(ak) 1
w, = = 5.5447 T 11.10
k /—m 1+‘.§Ak)he 2I2 h932
( 5.544 ‘
Now, the 3db beamwidth, 63, for an antenna beam shape given by c(e)=gg](kre)2
is 3.2326/kr, so that kro
w, = ,5305 nk?r? 11.11
k Th

and this is in good agreement with equation 11.9 above. It is readily shown
by substituting the coherence width, equation 11.10, into equation 11.7 that

for a frequency separation of w, the power correlation coefficient |R(Ak)|2

k
has the value (1 + 72)-! = 0.092 when the ocean is smooth (o0 << 1).

ams .
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11,1.3.2 ¢ Surface Effect on Frequency Coherence Width

The effects of sea surface statistlcs on the frequency coherence width
may be determined by repeating the integration, equation 11.8 with both
factors of equation 11.6 included in IR(Ak)lz. The new coherence width
wi , equation 11.11. With the

k
help of standard integrals we obtain

2
wi = W [1-—@(2°wk)] exp [(Zka) ]. 11.12
n T

is best expressed in terms of the previous Wy

and the function

dt 11.13

can be obtained from tables of the error function. To facilitate interpreta-
tion of this result, equations 11.11 and 11.12 may be written explicitly as

frequency coherence widths, w,, and wi, in terms of the frequency v:

2,2
w, = 10,5 ML 11.14
v ch
and
1 - - o (4w bow, ) 2
vy v, [l ® ( o V)] exp [(—E—V) ]- 11.15
wl
Then values of the ratio of frequenc; coherence width —¥ are tabulated for

W
a range of values of the argument(fgzy)(ie for a range Vof sea states) ia

Table 9.

4owv
. .1 2 .5 1 2 5 10 20
wl
v P
. .99 .80 .62 43 .25 .11 .056 .028
v

Table 9. Effect of Ocean Surface Statistics on the Frequency

Coherence Width (see text for explanation).
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The table shows that roughness of the sea surface reduces the fre-
quency coherence width, fe wL s always less than w . A "smooth'" nea,
whetre anv/c e 1 ia sulficient definition olb a amooth nea for preseat pur-
poses, has little offect on the coherence width, lowever, when the arpument,
Aowv/c, is large the ratlo, wt/wv approaches the vnluv( &ék-*-};¥) and
the frequency coherence width Is determined principally by the sea surface

effect rather than the antenna heam shape.

For a given set of experimental parameters the relative impertance of
surface height statistics and beam shape on the frequency decorrelation can
now be determined. For System A above with v = 50 GHz the frequency coherence
width w, = 10.9 MHz and if o = 1m (a moderately rough sea) (40 w,/c) = 0.14.
Thus the beam shape is the dominating factor. The 14 GHz correlation radar
used by Weissman and Johnson (1977) to determine wave heights had a 1m dia-
meter antenna and was operated from an aircraft at 3 km altitude. In this
case wy = 4.8 GHz but since (40 w,/c) = 64, at o = 1m, the frequency co=
herence width, when the sea surface effect is included, wb = 42 MHz. As ex-
pected the surface effects dominate. The main reason for these two example

systems being at either end of the scale is the difference in altitude bet-

ween the satellite an sircraft platforms.

In a swept frequency system, suitable for pressurc sounding from a
satellite and therefore, as presently envisaged, with parameter values not
very different from System A, the beam shape will be the important factor
and equation 11.14 is a satisfactory approximation for the frequency co-

herence width.

11.1.3.3 Implementation and Bandwidth

A frequency swept system requires a larger value of bandwidth than
the fixed frequency scheme. The range of frequencies being received at any
instant is determined by the ratc at which the frequency is swept and the
time delay between the signals reflected from immediatelv below the satellite
and from the edges of the antenna beam. 1f the sample collection rate is o
be increased by a factor m, and thus the sea surface etatistical error re-
duced by m=?, then the total sweep

/\\J‘q = mw, Hz 11.16
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must be completed in a time r/V and the sweep rate is

= m 10.5 v’rv He 8™} 11.17
ch

6v8

A reasonable minimum value of m is 9 to reduce the statistical error by 1/3.

This gives for System A

Avg = 100 Miz and Svg = 3 MHz us”l.
These values are rather large and would necessitate development of suitable
millimeter wave sources with either current or varactor tuning. In addition
the large total sweep means that the frequency selection procedure should be
revised to ensure retention of the insensitivities previously specified.

Tt can be readily shown that the minimum bandwidth required is

Af = 4.2 n %_ 11.18

where V/r is just the bandwidth for a fixed frequency scheme. The factor of
4.2 in this equation makes the signal-to-noise for any swept system at least
3db worse than for a fixed frequency system. Specifically, when m = 9 the
bandwidth is 1 MHz and the S:N is 8db worse.

These values assume that the frequency swept mode is used to full
advantage by having a tracking local oscillator such that the IF band and
the received band of frequencies are the same. For these to coincide within

1% of the bandwidth the implied phase sychronization of the local oscillator

sweep modulation is equivalent to a knowledge of the satellite altitude within

(c/24 wy) meters (v 1mfor System A). Continuous operation over the ocean,
where the altitude changes only slowly, does not present a severe sychroni-
zation problem and can probably be accomplished with appropriate processing

of the nressure sounder signals. However, after each land-to-ocean coastal

crossing the local oscillator phase will need to be relocked.

The use of a tracking local oscillator with a larger receiver IF than

the minimum, 11,18, does not significantly reduce the synchronization problem.

. . ks
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A simpler mode of operation is to use a fixed frequency local oscillator and
a receiver bandwidth of Avg but this will reduce §:N even more and is there-

fore probably not viable,

Besides providing an increased sample collection rate, frequency
sweepling also gives a considerable degree of range resolution. However, this
does not constitute a valid reason for choosing a swept frequency system
since backscatter from aerosols is negligible when cloud attenuation is small

enough to allow operation of the pressure sounder,

As alternatives to continuous sweeping of the frequency, step changes
equal to the frequency coherence width may be made to obtain the independent
samples or nanosecond pulses may be used. These techniques do not appear to

offer any additional advantages and are no easier to implement.

11.1.4 Antenna Scanning

An independent sample can be obtained with a fixed frequency radar by
swinging the antenna beam through half the angular beamwidth so that more
than half the area of sea illuminated is changed. The scanning can be
either along the sub-satellite path or transverse to 1t. The rate of col-
lection of independent samples can be increased by a factor m over the
natural rate by sweeping through m/2 beamwidths in a time r/V. Since r/V = 33 us
for System A this implies scanning rates of several kHz. Mechanical scanning
of the primary antenna at this rate is not possible and the problem is only
slightly reduced if scanning with the feed or a sub-reflector is considered.
Because six frequencies are needed, electronic scanning with a phased array
is complicated unless several antenna are used and if a multiple antenna

system is anticipated then it is probably better used as indicated in Section
11.1.5 below.

Antenna scanning does not appear to be feasible at this stage.

Nevertheless it is worthwhile to identify some of the advantages of the

technique.

Wwith antenna scanning a larger antenna can be used to advantage. For

a swept frequency scheme a larger antenna .iakes implementation more difficult

PRSP
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by Increasing both the total sweep range and the aweep rate to maintaln the
rate of colleetion of Independent samples., Tn contrast, with a scanned
antenna system, a larger aatenna requires to be scanned over the same total
angle but at a reduced sweep rate to maintain the collection rate and the
technlques becomes more feasible, A larger antenna is desirable because of
the improvement In receifved sipgnal strength and the reduction in noise
through a narrower Doppler bandwidth. The consequent improvement in S:N

allows more accurate measurcments under worse atmospheric conditions.

The scanned antenna system is more complicated than the frequency
swept scheme if it is to be used to full advantage because synchronization
of the transmit and receive antenna scans must be used in addition to the
control of the local oscillator frequency (for along track scanning). When
used in this way there is also a degree of height discrimination. The
tight tracking constraints can be relaxed with a reduction in the advantages
by using antennae of unequal size and widening the receiver bandwidth. This
leads to numerous alternative methods for implemeanting an antenna scanned
system each of which has different consequences for the rate of collection of
independent samples, the S:N ratio and the height discrimination while each
imposes different constraints on the system design in terms of sweep rate,
precision required in sychronized tracking and local oscillator frequency

control. All of these quantities can be readily determined for a specific

design.

11.1.5 Multiple Antennae

The sample collection rate can be increased by a factor m by using
m multifrequency antennae, each with its own IF chain and square law de-
tector. Although this has the advantage of redundancy and can be used in
combination with any of the previous technicues, size, weight and cost con-
siderations suggest that the concept is only of value when the antennae are

small and an increase in the collection rate of less than ten is desired.

11.2 Signal to Noise Errors
The sources of noise which contribute to the error in pressure mea-

surement and must therefore be taken into account are:
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Of these, the firar Fioeencrally mogg fpoy tan hedng o

the scecond, while the thivd source of

o 2L hiigher than

noise 1 inslpniy teant vhenever atmo-

spherice attenuat ion Ls not so hisgh aun (o prevent measurement s from being mado,

If the satellite orbit allows pressure measurements to be made at or near

local noon when the sun is overl.ead then solar plitter will be a problem.

An orbit which avoids the angular conditions For specular reflection of the

sun into the receiver aperturce s preferred. In these circumstances assess-

ment of S:N errors can be sulficiently well approximated by considering the
dominating receiver noise alone,

The effect of noise Is reduced by making a dire
and subtracting this from the

¢t measurement of it
signal-plus-noise measurement. The post-
detection noise—equivalent-power in each channel is then

_ C AT
Ny o= akT (&) r, 11.19

where Fi is the detector noise fiure. The return power at cach fre-

quency can be calculated [rom equation 3.7

Pp = 0.25 0 ng p? (va 121y ) of 11.20
h?

for known transmissivitios corresponding to particular armospheric and sea

states. Using the bandwidths of Section 11.1 for fixed or fre

quency swept
schemes, equations 11.19 and 11

.20 pive single channel 4eN figures which can

be combined to determine the total S:N error. 1In Section 12 this procedure

is used to evaluate corrors for particular svatem desion:.,

11.3  other System Design Considerat jong

Measurements of the ratio of the return stpgnal powers are meaningfyl -

only {f the transmitted power levelsy Are measured or controlled, Active
control to achieve the desired acturacy is more suited (o o space instrument

than precision measureaent of power, [t . pProposed that the inherent accuracy
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of null-balancing techniques should be utilized for control purposcs. Al-
though a compariion of the received and transmitted powers could he made
at each frequency it 1s probably more satisfactory to control the ratio of
transmitted powers at a pair of frequencles, PT(Ul)/PT(VQ). 80 as to

equalize the recelved echo power in the absence of atmospheric attenuation.

Fluctuations in the gain of the TF amplifier can be overcome hy
using the same IF chain and detection system to amplify and ratio the re-

ceived signals of a frequency pair.

Although a 4-frequency, 3-ratio scheme nay appear simpler thar a
6~frequency instrument, the system architecture detailed above means that

the power outputs at all four frequencies must be related and the detector

must accept all four return signals. Consequently a 6-frequency scheme with

three separate ratiometers is an easier option to implement,
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12, §pycificrﬁysﬁpm NDestmns

The analysen of dections 7 and 1F epable Che primary desipn paromet ors
Identified In Section 3 to he assipned optimized values for complete specifi-
catlon of a Mlerowave Prosanre Sonnder,  The potenttal performanee ol the
instrument, in terms ol the surface resolut Ton and weasurement accuracy, can
also be evaluated under specifte operating condition:s (orhit altitade and
Integratfon tlme) and for partfealas atmospheric and surface condition:.
Detalls are given below of the design and performance of baseline fixed-
frequency and swept-frequency systems so that the merits of these two alte

native implementation possibilities can be compored.

12.1 Fixed-Frequency Microwave Pressure Sounder
12.1.1 Primary System Design Parameters

The operating frequercies and other design parameters of Scction 3

must be supplemented by the system efficiencies, and NRro the satellite

n
T
spead, V, and the duty cycle, D, to complete the instrument specification.
Table 10 gives the values of tlhiese basic parameters for a fixed frequency
system operating at two altitudes. Since a rectangular antenna is speci-

fied, the radius has been replaced by the overall dimensions.

vy Operating Frequencies 29,2555 44,80 67.51
(CHz) 36,5555 52.80 73.01
a, B Indices -1.60, 1.00
PT Transmitter power 2W
nT, N Feed efficiencies 0.85
(r) Antenna dimensions 20 x 150 em
t Integration time 12 s
Duty cycle 0.166
h Satellite altitude 500 00 km
Satellite speed 7.61 7.45  kms!
Af Receiver bandwidth 716.1 74.5 kiiz
2h/c Pulse length 3.33 5.33  ms

Table 10, tixed Frequency System Desion Parameters
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12.1.2

Derived Performance Data

The parameter values of Table 10 enable the instrument performance

to be evaluated. Those data which are not dependent on atmospheric surface

conditions are given here in Table 11.

Sensitivity of Index S 1,

to pressure change

Sensitivity of pressure
measurement to:
a) Background variation of the
form (a + bv + cv?)
b) Surface temperature

c¢) Total water vapor

From

Frequencies

0.74% per mb

negligible

800°¢ per mb
8 gm cm~2 per mb

R.m.s. atmospheric From numerical + 0.4 mb
variability error simulation

Signal processing accuracy From 1 above 0.73%
required in each channel for

t 3mb r.m.s. error

Number of independent samples N = VtD 1.4 x 105
per channel in time t 1.08r

Accuracy per channel N;5 0.27%
Total statistical error Sum over all + 1.1mb

channels

Beamwidths a

nd Surface Resolution

Channel i Frequency Wavelength 3db lGround Resolution (km)
(GHz) (mm) Beamwidths (©) } h=500 km h=800 km
1 29,2555 10.25 1.30 x 0.17 136 x 6.8 162 x 10.9
2 36.5555 8.21 1.04 x 0.14 126 x 5.5 145 x 8.7
3 44,80 6.70 0.85 x 0.11 118 x 4.5 133 x 7.1
4 52.80 5.68 0.72 x 0.096 113 x 3.8 125 x 6.0
5 67.51 4,44 0.56 x 0.075 107 x 3.0 115 x 4.7
6 73.01 4,11 0.52 x 0.070 105 x 2.7 112 x 4.4

Effective along-track ground

resoiution, all channels

85 km 80 km

Table 11. Fixed Frequency System Performance

T T
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The signal Processing accuracy Indicates that output power and de-

tection stabilities of the order of 0.1% are required from the instrumenta-

The channcl dependent ground resolution in this cable is the total
surface area included within the first zero of the antenna pattern function
as smeared by the satellite motion, However more than 80% of the total
energy received during the integration time comes from within the subsatellite

Path length, This is therefore the effective along track ground resolution
and is the same for all channels.

12.1.3 Total Error Calculations

The values of two components of the total érror, the atmospheric
variability error, EAV’ and the error due to the sea surface statistics ESS’
have been given in Table 11. While these are constants of the system, the
third source of error, signal-to—noise, has a wide variation wlich ig de~-
pendent on atmospheric and ocean surface conditions. The noise-equivalent-
power and the return power at each frequency, equations 11.19 and 11.20,
can be used to evaluate thig error, ESN’ when the detector noise figure,F,
the atmospheric transmissivity and the surface reflectivity are specified
at each frequency., Table 12 presents the data needed for these calculations
for a range of operating conditions. The cloud attenuation data was obtained
from equation 9.3 and the variation of sea surface backscatter with fre-
quency is from equation 10.1.

Channel 1 2 3 4 5 6
Receiver noise figure 7.0 7.0 7.5 8.0 8.5 8.5
g
-E 5 Tg Pg = 1013mb -0.18 | -0.33 | -0.88 =9.34 | -7.31 | -1.68
U »
'g'g‘ 2 2.6 gm cm~2 ~0.47 | -0.52 [ -0.72 | -0.99 | _1.59 -1.86
e
S E[t2 1km, Cloud 1 gmm=3 1291 -1.99 f ~2.97 | —4.09 | —6.60 | -7.69
5 o® Very calm sea 15.48 | 15.28 | 15.07 14.87 14.51 14.38
T Moderate sea 10.48 | 10.28 | 10.07 9.87 9.51 9.38
08 Very rough sea 6.48 6.28 6.07 5.87 5.51 5.38
§ 3 0(149) Very calm sea{-10.52 ~10.72 }-10.93 ~11.13 | -11.49 -11,62
<9 Moderate sea 2.48 2.28 2.07 1.87 1.51 1.38
a8 Very rough sea 4.48 4.28 4.07 3.87 3.51 3.38

Table 12, Typical Atmospheric and Surface Datay (dbh)
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In Table 13 the total measurement error in mb is shown for both 500 km
and 800 km orbit altitudes and for various atmospheric and sea surface states.

The total is obtained by adding the three components ESS’ EAv and ESN as in-

dependent random errors.

It can be seen that tne r.m.s,

error with this in-

strument is 1.2 mb for the most frequently occurring conditions but, as

expected, it will not be able to provide sufficiently accurate results in
The 500 km orbit is
slightly better than the 800 km orbit but the latter may be preferred

heavy cloud or away from nadir over very calm sea.

because in this case measurements 14° from the nadir are 200 km from the

sub satellite path compared with 125 km away for the 500 km orbit.
of the Earth has been neglected, thus 14° from nadir is equated with 14° from

vertical - an error of ~ 1.8°.

Curvature

Atmospheric Conditions
Surface
Sea State Pressure 1013mb 1013mb 1013mb 990mb
Water -2 -2 -2 -2
Vapor 2,6 gmcem 5.2 gm cm 3.5gmem 3.5gmecm
500 km Uniform None 0.5 km 1l km 2 km
Orbit Cloud 0.5gmm 3| 1 gmnm3 {1.5 gnm3
Very calm Nadir 1.17 1.17 1.17 1.19
14° 2,06 3.23 >5 >25
Moderate Nadir 1.17 1.17 1.17 1.39
140 1.17 1.18 1.21 >5
Very rough Nadir .17 1.17 1.18 2,22
14° 1.17 1.17 1.18 3.6
800 km
Orbit
Very calm Nadir 1.17 1.17 1.17 1.32
14° 4.45 >5 >10 >25
Moderate Nadir 1.17 1.17 1.18 2.23
14° 1.19 1.23 1.42 >10
Very rough Nadir 17 1.18 1.20 4.92
14° 1.18 1.19 1.28 >5
Table 13. Total r.m.s. Errors (mb) With Fixed Frequency MPS
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12,1.4 Hardware Implementation

The system specifications of 12.1,1 have been used to definc an out- !
line hardware implementation of the Microwave Pressure Sounder. The in-
strument comprises three ratiometers which are of similar designs but differ
in theilr operating frequencies. The block diagram of a two-frequency ratio-
meter is shown in Flgure 30. Each ratiometer has the following subsystems:
power supply and frequency control; transmitter; RF output power equalization;
receiver and ratioing electronics. A single multifrequency dual-antenna sub-
system serves all three ratiometers while common electronics include timing
and modulation control, signal processing and satellite power and data inter-

faces. A pointing subsystem is also required.

The instrumentation is based, with one exception, on existing techno-
logy. The Gunn effect or Impatt sources used as the first stage oscillators
of the transmitter subsystem have their frequencies crystal controlled.
These are used to drive the injection-locked millimeter wave power oscillators.
The devices at present available for this second stage do not provide suffi-
cient RF power. However, suitable multi-diode Impatt devices with a gain of
up to 10db and an output power of 2W cw are currently being developed

commercially,

The two frequencies are transmitted alternately and this enables the
output power equalization loop to utilize phase sensitive detector control of
a forrite modulator. The loop must provide equal output energies at the two
frequencies over the integration period or any sub-division of this for which
the ratio is computed. Set level attenuators are used to accommodate asym-
metries between the two branches and differential RF detector response. Ex-
periments have shown that such a loop provides more than adequate equalization

of the output powers. 4

The most suitable antenna has a multi-frequency feed, similar perhaps .
to that used for the SMMR on SEASAT A. The corrugated horn feed on this
instrument has a high efficiency over a 6 to 1 frequency range. S:parate %
transmit and receive antennae are preferred over a single antenna with b :

circulators because of the smaller loss.
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It is possible to use a single mixer 1n the receiver but the large
difference between a frequency pair means that its response to each fre-
quency will be different., However, it is easier to match the response of
separate mixer-preamplifiers than to do this with a single device. Con-
sequently this arrangement is chosen for the front-end while the main IF
amplifier chain and the detector are common. Automatic gain control with a
long time constant is used to reduce the dynamic range required from the
square law detector and the final ratioing is accomplished digitally. It
has been demonstrated that the stability and accuracy specifications of the

detection and-ratiometer electronics can be met.

The modulation sequence for each of the separate ratiometers must
allow for measurements to be made of the signal and noise at each frequency
when the instrument is not transmitting. Operation of the transmitters
is then in an intermittent c.w. mode with pulse lengths equivalent to the time
taken for a signal to be reflected at the surface and returned to the re-
ceiver, ie 2h/c seconds. A full cycle of operations takes six of these
periods, two for transmission and 4 for detection. The large differences
between the six frequencies will allow the three ratiometers to be operated
simultaneously with synchronized transmit and receive sequences. Figure 31
shows the proposed oscillator and detector modulation sequence. Dynamic con-
trol of the repetition rate can be used to accommodate variations in the
orbit height. It may be possible that, with sufficient filtering, noise
measurement could be made at one frequency of a pair while the other was
being transmitted. This would improve the duty cycle and reduce the surface
statistical error by a factor of 0.82,

Further specification of component performance, stability and toler-
ances is required. Although the hardware design is based on available
technology the RF power stability requirements for this instrument are not
generally needed in radar systems and have therefore not previously been
demonstrated. However, the use of phase sensitive detector control of the
output powers and matched mixer-detectors sho.ld enable the specifications to
be met. Some parts of the system have been investigated but further testing,
particularly of the receiver subsystem, is needed. Careful preflight cali-

bration and stability tests of the completed instrument will also be essential.
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12.2  Swept Frequency Microwave Pressure Sounder
12,2.1 Primary System Design Parameters

The example of a swept frequency system used here for comp

the majority of its design parameters the same as for the fixed f
example above.

arison has
requency
To these parameters we must add the factor, m, by which
frequency sweeping increases the sample collection rate.

This then defines
the total sweep and the sweep rate,

which are height and frequency dependent

and the minimum receiver bandwidth. We choose a larger antenna to partially

compensate for the worsening of signal-to-noise by an increased bandwidth.
However, if the total sweep is to be kept within reasonable bounds (< 100 Miz)
the increase in antenna size must be limited.

The complete system specifi-
ation is given in Table 14.

. v, ey
. 2 Peay LAl w SR G e ol e
o St g e s By H

I
s

vy Operating Frequencies 29,2555 44,80 67.51
(GHz) 36.5555 52.80 73.01
a, B Indices -1.60, 1.00
PT Transmitter power 2w
nrs Mg Feed efficiencies 0.85
(r) Antenna dimensions 28 x 150 cm
t Integration time 12s
D Duty cycle 0.166
m Factor 12
h Satellite altitude 500 800 km
v Satellite speed 7.61 7.45 kms~!
Af Receiver bandwidth 76.1 74.5 kHz
2h/c Pulse length 3.33 5.33 ms
Sweep repetition time 18.4 18.8 us
Total Sweep (MHz) and Sweep Rate (Miz us~1) for A500 km, BS0O knm ;
Channel 1 2 3 4 5 6
A. Total Sweep| 14.1 22.0 33.0 45.9 75.0 87.8 |
Sweep Rate .766 1.20 1.80 2.49 4.08 4,77
B. Total Sweep| 8.81 13.7 20.6 28.7 46.9 54.8
Sweep Rate | .469 .732 1.10 1.53 2,50 2.92 '

Table 14. Swept Frequency System Design Parameters

A SR SR Pt .o




i

~110-

12.2.2 Derived Performance Data

The main difference in the performance of this system when compared
with the detalls of Table 11 for the fixed frequency system is the improved
rate of collectlon of independent samples provided by the frequency sweeping.

The factor m and the antenna size both affect this and make the instrumental

~————error attributable to the sea surface statistics t 0.38mb for this imple-

mentation.

Detailed calculations have not been performed to find the sensitivity
of the measurement to changes in the various atmospheric factors. However
it is reasonable to expect that this or a similar set of operating fre-
quencies will result in a r.m.s. atmospheric variability error close to

t 0.4mb as found for the fixed frequency scheme,

The effective along-track ground resolution, being the product of
satellite ground speed and integration time, is not changed by the increase
in antenna size although this increase is along the direction of satellite
motion. However, the reductions in beamwidths and smeared spot sizes mean
that a greater proportion of the integrated energy comes from within the
effective resolution cell area.

An abbreviated list of performance data is given in Table 15.

-+

Rms atmospheric variability error 0.4 mb

Rms statistical error

H

0.38mb

Effective along-track ground resolution:| 85km 80 km
for satellite altitude: 500 km }800 km

Table 15. Abbreviated Swept Frequency System Performance
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12.2.3 Total Error Calculations

The use of frequency sweeping allows th- reduction in sea-surface
statistical error, due to the sweeping to be traded for an increase in the
signal-to-noise error, due to the wiler receiver bandwidth needed. The
following results show the effects of this trade-off for the example system
specified above. It has been assﬁmed that fullest advantages 1s taken of
the swept frequency system by using the minimum receiver bandwidth.

The data of Table 12 has been used to calculate the signal-to-noise

error, ESN’ for the set of atmosp

S

measured pressure.

E N is then combined with EAV and ESS
The results presented in Ta

with the values for the fixed frequency scheme in Table 13.

eric and surface conditions in Table 13.
to produce the total r.m.s. errors in
ble 16 are directly comparable

Atmospheric Conditions
Surface
Sea State |p..ggure 1013mb 1013mb 1013mb 990mb
Water _
Vapor 2.6gmcm’2 5.2gmcm"'2 3.ngcm'2 3.5gmem 2
500 km Uniform None 0.5 km 1 km 2 km
orbit Cloud 0.5gnm 3| 1 gnm? |1.5 gm m3
Very calm Nadir 0.55 0.55 0.55 0.56
14° >5 >10 >25 >25
Moderate Nadir 0.55 0.56 0.59 3.84
14° 0.70 0.94 1.71 >25
Very rough Nadir 0.57 0.61 0.78 >5
14° 0.61 0.73 1.16 >10
800 km
Orbit
Very calm Nad%r 0.55 0.56 0.58 3.09
14 >10 >25 >25 >25
Moderate Nadir 0.57 0.61 0.76 >5
14° 1.22 2.01 4.14 >25
Very rough Nadir 0.67 0.87 1.46 >10
14° 0.88 1.34 2.65 >25
Table 16. Total r.m.s. Errors (mb) With Frequency Swept MPS
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I

Under favorable conditions the error has been halved to + 0.6mb
but for some frequently occurring cloud and sea atates the error is
larger and the range of conditions for which the frequency swept system
operates with sufficient accuracy 18 more restricted. It should also be
noted that the limitations are more severe for the preferred 800 km orbit.
The improved accuracy has been bought at the expense of reduced coverage

and increased system complexity.

12.2.4 Hardware Implementation

The frequency swept system will consist of three ratiometers each
of which has the same subsystems as described in Section 12.1.4 for the
fixed frequency scheme. The block diagram of one of these ratiometers,

Figure 30, is also applicable although some of the components are used

differently.

Sweeping of the transmitter frequency must be accomplished with
either current or varactor control. Extensive development will be neces-
sary to produce sources with sufficient power and the required sweep
characteristics. The local oscillator is to be swept over the same fre-
quency range and accurate synchronization of its cycle must be provided by
altimeter type measurements which can be obtained from the pressure sounder
signals. The modulation sequence is as in Figure 31 but each transmission

period includes many sweeps through the range of frequencies.

Successful operation of this frequency swept instrument will depend

upon careful design and calibration for the 20 to 100 MHz bandwidth used

at each frequency.

[N S S
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12.3  Payload Phyaical Characteristics

The additional data (approximate values) in Table 17 of rize, weight

etc. complete the payload specifications for either of the implementation

alternatives deacribed above.

Overall size 1.5 x 0.6 x 0.5 m

Weight < 100 kg

Fleld of view 59 x 0.5°

Pointing angle Nadir; * 14° (cross-track)
Pointing zccuracy +0.2°

Power <100 W

Data Rate 1 kbps

Table 17. M.P.S. Physical Characteristics

12.4 Platform Requirements

The most suitable orbit for use of the Microwave Pressure Sounder
as part of an operational weteorological data collection network is a near-
polar, sun synchronous orbit at about 800 km. Potential missions on which
to demonstrate the long-term capability of the instrument, prior to its
operational application, are Oceansat, Climsat or the proposed Microwave
Observatory. Shuttle/Spacelab sortie missions could be used for proof-of-

concept flights with essentially the same instrumentation.

Aircraft testing of the technique is possible only for a fixed fre-
quency system. The difference in altitude between an aircraft and a satel-
1ite means that the frequency coherence width is too large to allow sweeping
to be used to increase the sample collection rate with the lower platform.
Even with the fixed frequency system extensive modifications to the inte-
gration time, bandwidth and modulation timing are required for aircraft
operation. In addition, because the instrument is designed to measure the
integrated effect of the total atmosphere, accurate measurements of pressure
at the aircraft altitude would be necessary and a different set of operating

frequencies might be required. Careful consideration would also need to be
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given to the stability requirements of the a
measurements. Nevertheleas, development of
of value for ita potential application to se

paths through a storm.

ircraft platform for meaningful
an aircraft instrument may be

vere storm monitoring on flight
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13, Coverage and Rerolution

The Microwave Pressure Sounder instrument specifications of Section
12 can he used to define the coverage and reanlution which can be achleved
with particular orbit characteristics. In Section 13,1 below the capa-
bilities of the fixed frequency instrument in an 800 km orbit are used as
a point of reference for discussion of the possibilitics with other
operational alternatives. This is followed by a consideration in Section

13.2 of how coverage will be reduced by atmospheric or surface effects.,

13.1 CGlobal-Ocean Coverage and Resolution

The fixed frequency MPS of Section 12.1 is designed to measure
atmospheric pressure at the ocean surface directly below the satellite and
on either side of the sub-satellite path at an angle of % 14° from the
nadir. Although the off-track scan is limited it is an important capabi-
lity since it allows the horizontal pressure gradient to be determined over
the instrumental swath width. To illustrate the coverage and resolution
obtainable with this instrument we have ‘hosen an orbit of 796 km altitude
at an inclination of 108° (the Seasat A orbit).

Figure 32 shows the surface cell size and the positions of sequential
measurement cells near the equatc~ for part of an orbit. The separation
between adjacent measurements is 200 or 240 km which is compatible with the
1.2 mb measurement accuracy and typical pressure gradients. By comparison,
the resolution now being demanded from temperature and water vapor sounders
is an order of magnitude smaller. However, these variables show significant
changes over the smaller scale while pressure gradients are generally smooth
and between 0 and 2mb per 100 km, reaching 3 mb/100 km in the vicinity of
major storms. Consequently 200 km resolution is felt to be adequate for the

pressure sounder.

Figure 33 shows the potential daily global coverage with an effective
swath width of 600 km (3 measurements each separated by 200 km). The
existing stations reporting surface pressure and typical shipping reports as
in Figure 1 are also indicated on this diagram. The ingtrumental inte-
gration time of 12 sec enables some 5000 measurements of surface pressure to

be made over the oceans in 24 hours. Since these measurements are divided
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between daytime and nighttime there are effectively 2500 new surface pressure
data points, roughly doubling the present network.

Current plans for an advanced operational meteorological satellite
network call for 2 or 3 near polar orbiters. Such a multisatellite system
could be used to increase the density of surface pressure measurements.
Figure 34 shows the separation of data points at various latitudes for three
satellites with mutually displaced orbits of altitude and inclination as
above. With these three satellites there are gaps in the coverage in the
tropics but it is probably adequate in view of the fairly stable atmosphere
which prevails in this geographical belt. Coverage is more-or-less con-
tinuous in the important and very variable mid-latitude while the overlapping
which occurs at high latitude could, if it were desirable, be removed and
the resolution improved by reducing the angular scan for these parts of the
orbit.

It should be noted that the measurement density represented by Figure
34 is for a 12 hour period. The non-coincident nature of these measurements
is characteristic of all meteorological observations from satellites and
should not detract seriously from their potential value for numerical weather

forecasting.

With the standard of coverage set for one particular implementation
of the fixed frequency instrument we can now examine briefly the implications
of various alternatives. Coverage and resolution with the swept frequency
MPS in an 800 km orbit is essentially the same. Either instrument in the
lower, 500 km orbit improves the cross-track resolution to 125 km but leaves
gaps in the coverage at mid-latitudes as well as increasing those gaps in
the tropics. More satellites could be used to improve the coverage and the
resolution or tropical coverage could be selectively increased with a high
inclination (v 1500) orbit. A decrease in the integration time can be used
to improve the along-track separation of measurement points but this must be
at the expense of reduced accuracy. For example, a 5 sec integration makes
the along track resolution 100 km and the r.m.s. error 1.8mb with the fixed
frequency scheme or 1.0mb with the swept frequency scheme.

Meteorological requirements will ultimately dictate which balance bet-

ween accur: 'y, resolution, coverage and cost 1s most appropriate for operational

application.
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13.2  Coverage Reduction by Atmospheric and Surface Effects

The Microwave Pressure Sounder has been designed for operation over
the open ocean. During much of the winter and spring large areas of the
Arctic and Antarctic Oceans become covered with ice as illustrated by the
seasonal variation in polar ice cover shown in Figures 35 and 36. The ice
thickness grows to 2 or 3 meters so that, provided its reflectivity is
high enough, measurements will not be prevented by an inadequate knowledge
of tl reflecting surface height. Measurements by Gloersen et al (1973)
indicate an emissivity for new ice of n.9 and for old ice of ~0.8. These
data are consistent with backscatter measurements at 13.3 GHz (AMWR, 1975,
P. 216) and at 35 GHz (Sackinger and Byrd, 1972) which give normalized back-
scatter cross-sections in the range (3 to -5db) at normal incidence and
(3 to -10db) at ~ 14°. While these results suggest a reflectivity suffi-
clently large to enable measurements to be made in many conditions there
is inadequate data available on frequency variations. The technique which
has been adopted of combining ratio measurements to account for second order
variations has great flexibility and will probably cover this situation
with tolerable accuracy. Occasional inadequate compliance with the design
conditions or reduced reflectivity can be anticipated and these would lead
to some reduction in coverage which it is not possible to quantify at this
time. Experimental measurements with a concept proving flight are needed to

assure the validity of MPS measured surface pressure values in ice cover
situations.

The total error calculations, Tables 13 and 16, show that measurements
will become interrupted when cloud cover is greater than 1 km of density
1gmm3 equivalent to 0.1 gm cm™2 integrated liquid water. Although global
cloud cover is typically near 50%, measurements by Staelin et al (1976) with
NEMS show that the 1liquid water content of the atmosphere over the oceans
exceeds .1 gm em~2 for only a small fraction of the time, Figure 37. Some
care must be taken in applying these results to estimate MPS coverage since
the large angular beam width of the instrument means that “hese are averages
over 200 x 300 km ground resolution cells. Somewhat more frequent occurrence
of such high cloud density can be expected for the 10 x 100 km cell siz. of
the MPS. Rain cannot be expected to reduce the coverage much further since
it will usually be accompanied by cloud which is denser than the above limit.
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é%. As noted in Section 12 some sea states will also prevent measurements
' being made but these adverse conditions occur infrequently. Also, those
orbits for which solar radiation might also be reflected into the recelver
2 aperture should also be avoided for, although this noise source is one

b | which will be removed by the direct measurement, it will reduce the accuracy

g
of pressure measurement.
>
= In contrast to these factors which reduce coverage, it may be that
FS some measurements over land will be possible if the surface height is
1) .

reasonably uniform and its reflection characteristics are appropriate.
However, insufficient data on surface reflectivity exists to specify these

areas and indeed it is not a worthwhile exercise to try to do so at this

time since the locations can more easily be identified with confidence by

operational experience.

It is difficult to quantify the total reduction in coverage which can
be expected from the effects of the atmospheric and surface factors. How-
ever it is probably not unreasonable to anticipate for the 800 km orbit a
10%Z loss of data with the fixed frequency instrument and a 20% loss for the
swept frequency instrument. For the lower, 500 km orbit these losses would
perhaps be nearly halved. The most unfortunate aspect of this problem of
reduced coverage is that the data would be lost from the most interesting
meteorological features viz cyclones, with their associated obscuring heavy
cloud and where surface pressure measurements could provide valuable infor-
mation on the depth of the depression. Nevertheless, if technology cun-
tinues to advance at the present pace, increases in millimeter wavelength
source powers should, within the foreseeable future, make it possible to

measure surface pressure under these adverse conditions.

Microwave Pressure Sounders with the design specified in Section 12
on a three satellite network would provide some 7000 globally distributed
surface pressure values twice daily with an accuracy of 1 to 2 mb and
contribute significantly to the bank of meteorological data available for

. numerical weather forecasting.
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14, Conclusions

Atmospheric pressure at the Earth's surface is arguably the most
important meteorological parameter since it 1s the driving force for
atmospheric circulation and has historically served as the primary basis
for synoptic weather forecasting. The Microwave Pressure Sounder proposed
here would provide consistent measurements over the at present inadequately
monitored oceans to supplement the data available from ground based stations
and approach the requirements of the GARP program for a comprehensive
meteorological data set. As well as contributing to the initial conditions
for large scale numerical forecasting, the data would be of considerable
value for atmospheric dynamic studies with General Circulation Models.
Because a surface resolution of 100 to 200 km can be achieved, its use would
extend to localized forecasting and to oceanography by assisting with the
interpretation of sea state, surface wind and sea surface topography ob-
servations from other satellite-borne sensors. Recent publication of a
Climate Plan (ICAS, 1977) has stimulated vigorous activity in climate research.
A significant addition to the data resources available for this program
would be the consistent set of global pressure fields provided daily over a

long period of time by operationally deployed Microwave Pressure Sounders.

Absorption by a vertical atmospheric column at a frequency in the
wing of the oxygen band centered on 60 GHz is a measure of the total amount
of oxygen in the column. The surface pressure can be deduced from this
measurement which must be made with an active instrument. The selection of
optimum operating frequencies is based upon accepted models of surface re-
flection, oxygen, water vapor and cloud absorption. By combining the ratios
of transmission at three pairs of frequencies the measurement of surface
pressure is made essentially independent of variations in the atmospheric
temperature and humidity profiles, cloud cover and sea state. This means
that the final output of the instrument is a direct measurement of surface
pressure and therefore no sophisticated inversion procedure is required. A
numerical simulation experiment using real profiles defined by radiosonde
observations has shown that the error due to atmospheric profile variability

18 less than 0.5mb,

T . ——.
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The set of operating frequencies used in the specific designs to
show the potential capabilities of the MPS are not necessarily thoge which
should be used in a fllght experiment. Current investigations show that
the sensitivity to pressure can be maintained or slightly improved with
sets which have less susceptibility to errors from broken cloud states,
While the effects of changes in the antenna size and integration time are
readily discernable from the illustrative systems, the consequences of
changing the operating frequencies cannot in general be simply defined
but instead need a detailed analysis. For example, if the channel at
52.8 GHz were changed to 53.3 GHz the other operating frequencies must be
altered to retain temperature, water vapor and background insensitivities,
the accuracy of the fixed frequency system would be improved by ~20% and a
slight loss of data would result. A better definftion of accuracy, re-
solution and coverage requirements, within the limitations presented in

this report, will assist in determining the best set of operating frequencies.

The choices available for hardware implementation have been illus-
trated by system definitions based on fixed and swept frequency alter-
natives. Full analyses of the errors define the balance between accuracy
and resolution which are available with each of these designs. Coverage
and cost are introduced as further factors by a consideration of operational
application alternatives. The fixed frequency instrument in an 800 km
near-polar orbit can provide surface pressure with an r.m.s. error of 1.2mb
and a surface resolution of 10 x 100 km. With these measurements separated
by ~ 200 km both across and along the sub-satellite path a three instrument
network would provide satisfactory global-ocean coverage at 12 hour inter-
vals. Resolution and coverage with a swept frequency instrument would be
similar but its accuracy is somewhat better at *0.6mb. This improvement in
performance is however at the expense of increased susceptibility to data
loss through adverse sea state or cloud conditions and increased component
development costs. Meteorological or other user rcquirements will ulti-
mately dictate the most appropriate system design and operational application
mode.

While some of the proposed techniques are relatively untested, the
designs have been based, with the cxception of the transmitter subsystem,

on existing technology. The state-of-the-art for power output from milli-
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meter wave sources is anticipated to be 2W within the next year and this will
satisfy the requirements of the fixed frequency design. 1In contrast, the
swept-frequency syatem will require rather more development of suitable
sources, Sources more powerful than 2W would extend the range of atmospheric
conditions in which the pressure sounder would operate with sufficient
accuracy to be useful,

Although it is recognized that these active multifrequency measure~
ments include information cn parameters other than surface pressure, no
consideration has as yet been given to the extraction of data on water

vapor and liquid water content of the atmosphere, sea state or surface level
which are potentially available.

A continuing program of experiment definition studies, instrumentation
evaluation and ground based atmospheric transmission measurements is being
pursued at the Jet Propulsion Laboratory in cooperation with Heriot-Watt
University and the Appleton Laboratory in the U.K. This work is directed
toward a proof-of-concept Shuttle/Spacelab flight in the early 1980's in
Preparation for operational application by the late 1980's.
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LTST OF SYMBOLS

partial list identifies the most important symbols and those which

used in more than one section. The section or subsection in which

first used is also given.

Other symbols have been introduced and

=1 the text but their use is generally confined to one section only.

we convention the same symbol has occasionally been used with two

. meanings but this should not cause confusion since the correct

= clear from the context.

A 3.2
=,.b,-c 3.3
. 11.1
A 3.2
v 3.2
=y 7.4
N 3.2
=~ 3.2
=~y 7.4
S, Pp, Py 3.2
i 4,2
8 3.3
- 3.2
5 7.1
=1,54,5p 7.1
i 3.2
= 3.2
" 11.1
}3, R 7.2
3 4.3
ra 4.1
“‘ﬂo,rw,PA 3.3

Antenna area

Coefficients of polynomial

Duty Cycle

Bandwidth

Receiver noise figure

Fractional accuracy

Height of satellite

Noise power

Noise power in channel i

Transmitted, received, detected power

Pressure

Surface pressure

Antenna radius

Index of surface pressure

Instrumental, atmospheric, background
factors of S

Temperature

Integration time

Satellite velocity

Indices

Water vapor mass mixing ratio

Absorption coefficient (db km™1)

Integrated absorption coefficient for
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B
&:}%- Nps Mg 3.2 Transmit, receive antenna feed efficiency
T N 63, ¢3 3.2 3db beam width

A 3.2 Wavelength

v 3.3 Frequency

vy 7.1 Operating frequency

o° 3.2 Normalized backscatter cross-section at

nadir
T 3.2 Atmospheric transmissivity
Tos Tt TA 3.3 Transmissivity of the atmosphere due to

oxygen, water vapor, and other

constituents
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